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Cyanobacteria have recently been considered as potential organisms for metabolic engineering with an objective
to improve its ability to synthesize biofuel precursors and other value-added products. A modified version of the
genome-scale metabolic model of Synechocystis sp. PCC 6803 model organism was used to theoretically
demonstrate the flux distribution in the central carbon metabolism towards optimal accumulation of organic
acids, namely succinate, acetate, lactate and malate. We further validate the model using experimental data
reported by Hasunuma et al. Met. Engg. Comm., 2016, 3, 130-141 for organic acid synthesis under dark anoxic
conditions from glycogen accumulated during photoautotrophic growth conditions by sequestering atmospheric
CO,. We show that key limiting factors are redox balance causing gluconeogenesis, availability of CO2 and
channeling of carbon flux to TCA cycle, in addition to the rate of breakdown of glycogen. Sodium bicarbonate
supplementation enhances succinate production flux by eliminating the CO, limitations for the phosphoenol-
pyruvate (PEP) to oxaloacetate biochemical reaction catalyzed by PEP carboxylase. A combined strategy of
supplementation with NaHCOg3 and increased temperature can only offer ~25% of the theoretical maximum
succinate production. We suggest possible metabolic pathway interventional approaches to improve the succi-

nate productivity.

1. Introduction

Natural production of various organic acids such as succinate,
lactate, malate using cyanobacteria has gained importance in recent
times [1-3]. Cyanobacteria has become a candidate organism since
genetic and metabolic engineering approaches are feasible. This has led
to use of cyanobacteria in synthesis of various biofuel precursors and
industrially relevant products [4-9]. Model organisms such as Escher-
ichia coli or Saccharomyces cerevisiae, give high yield of organic acids
than cyanobacteria but require sugars or biomass feed-stocks as carbon
sources for fermentation [10,11]. However the ability of cyanobacteria
to metabolize atmospheric CO, for its growth and accumulation of
metabolites is an added advantage from the perspective of green syn-
thesis of organic acids [12]. Through its core metabolic pathways, it can
route the carbon from either CO; or a suitable carbohydrate to these
acids under dark conditions [13,14]. Being a photoautotrophic micro-
organism, cyanobacteria employs photosynthesis machinery to accu-
mulate various macromolecules such as glycogen [15-19].

One of the promising strategies employed recently is to first grow
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cyanobacteria in light conditions and subsequently expose it to dark
anoxic environment [20-23]. While cyanobacteria accumulate glycogen
by efficient uptake of atmospheric CO, when grown in light, the carbon
in the accumulated hydrocarbon is utilized to synthesize organic acids in
dark anoxic environment [20,24]. Among the cyanobacteria, Synecho-
cystis sp. PCC6803 (SC 6803) is an organism with rich genome scale data
available and is a model for studying algal systems.

Metabolism in SC 6803 was first characterized by employing a
metabolic model that accounted for the biochemical reactions in the
central metabolic pathway [25,26]. Subsequently, several detailed
genome-scale metabolic models (GSMMs) such as iJN678 [27] were
systematically reconstructed by considering the organism’s growth
under different conditions [27-32]. Saha et al. [33] improved these SC
6803 metabolic network reconstructions by integrating various obser-
vations such as presence of TCA bypass, fatty acid biosynthesis into the
iSyn731 comprehensive model. iSyn731 model subject to biomass
maximization yielded flux ranges consistent with the experimental
measurements [33]. Building upon these reconstructions, particularly
via enhancing iSyn731 model [33] by gap-filling in pathways such as
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photorespiration, the updated GSMM iSynCJ816 of SC 6803 predicted
the experimental observations [34].

A recent study successfully demonstrated that by alternating light
and dark conditions, atmospheric COy sequestered by SC 6803 to
accumulate glycogen during light condition can be subsequently
metabolized to produce organic acids such as succinate under dark
anoxic environment [21,22,35]. Such an approach yielded ~0.27 mmol
of succinate per mmol of equivalent glucose from glycogen when SC
6803 was grown in NH4Cl rich media. It should be noted that under dark
anoxic conditions the organism accumulated other organic acids as well
namely lactate, acetate and malate. This indicated that there is scope for
improving utilization of carbon in glycogen towards synthesizing suc-
cinic acid. Overexpression of ppc gene that codes for phosphoenolpyr-
uvate (PEP) carboxylase enzyme yielded ~0.32 mmol of succinate per
equivalent glucose from glycogen, a 20% increase. This overexpression
facilitated the channeling of carbon to oxaloacetate and thereby
improving the succinate yield. Although a strategy for improving yield is
demonstrated in the study, the underlying metabolic state is not known.

A question therefore arises whether the succinate yield can be
improved further. Knowledge of the underlying metabolic state is
necessary to address this question and can offer insights into the same.
The objective of this study is to delineate strategies to enhance yield of
organic acids such as succinate by SC 6803 exposed to dark anoxic
conditions after grown in light. In order to achieve this objective, we
consider performing flux balance analysis on a genome-scale metabolic
model of SC 6803 [27] to predict the underlying state that may corre-
spond to the experimental conditions described in Refs. [21,22]. Using
the model [27] and by mimicking the dark anoxic experimental condi-
tion, we predict the conditions that may lead to higher yields of the
organic acids.

2. Methods
2.1. Data extraction

Data for secreted and intracellular metabolite accumulation during
dark anoxic fermentation of SC 6803 from Hasunuma et al. [21,22] were
extracted. Note that the SC 6803 was first grown under light conditions
with atmospheric CO; as the sole carbon source in 5 mM NH4Cl or 5 mM
NaNOj3 rich media. The harvested cells were fermented under dark
anoxic conditions to synthesize organic acids. In particular, using the
biochemical reactions of the central carbon metabolic pathway in which
the measured metabolites participate in (Table S1, Supplementary in-
formation), we extracted the time-varying accumulation levels of 5
secreted and 22 intracellular metabolites (Table S2, Supplementary in-
formation) from Hasunuma et al. [21,22]. Using WebPlotDigitizer [36],
the concentration of various metabolites at different time points (0 h, 3
h, 6 h, 24 h, 48 h, 72 h and 96 h) was used to estimate the metabolite
pool. Similar data for the case of mutant strain over-expressing ppc gene
under three different temperatures were also used [22]. Note that this
mutant strain over-producing Phosphoenolpyruvate (PEP) carboxylase
was achieved by transforming SC 6803 with pSKtrc-slr0168/sI110920
plasmid causing amplification of ppc gene [21]. Succinate, acetate and
lactate rates were calculated for the effect of sodium biocarbonate
(NaHCO3) supplementation in dark anoxic condition at 30 °C and 37 °C
(Text S1, Supplementary information). These rates were also calculated
for different concentrations (50, 100, 200 and 300 mM) NaHCOj3 sup-
plementation, and were incorporated in the model as constraints.

2.2. Flux estimation for metabolic reactions

Average accumulation rates of both intracellular and extracellular
metabolites were estimated between 6 h and 96 h using the corre-
sponding experimentally measured dynamic levels. These rates were
further scaled with the mean dry cell weight under dark conditions to
estimate the specific accumulation rates in mmol/gDW/hr. Reaction
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fluxes were calculated for glycolysis, TCA cycle, Calvin cycle and
pentose phosphate (PP) pathway including 31 intracellular metabolites
participating in 33 reactions (Tables S1 and S2, Supplementary infor-
mation). Note that, for every metabolite, a balance between its pro-
duction and consumption via different biochemical reactions was used
for this purpose. Details of these calculations are in Text S1, Supple-
mentary information.

2.3. Genome-scale metabolic model

The genome-scale metabolic model (GSMM) of SC 6803 namely
iJN678 [27] was used for flux balance analysis. The model comprises of
864 biochemical reactions, 795 metabolites and 678 genes with
gene-protein-reaction (GPR) associations for each reaction. These re-
actions are divided along 54 subsystems in 4 different cellular com-
partments like extracellular, cytoplasm, periplasm and thylakoid. Note
that iJN678 included biochemical reactions corresponding to ionic,
NADH and NADPH balances, and ATP production and consumption. The
GSMM was modified by introducing biochemical reactions corre-
sponding to transport reaction for lactate and to exchange reactions for
lactate and glycogen. The reactions are

LACtex : D — lactate[e]=D — lactate|p) (@]
LACtpp : H|p] 4+ D — lactate|p|=H|c] + D — lactate|c] @
EX_glycogen : bglycogen|c]= 3
EX _lactate : D — lactate|e]= @

where [c], [p] and [e] denotes metabolites present in cytoplasm, peri-
plasm and extracellular respectively. Metabolites involved in the above
reactions but not present in the iJN678 were included in the modified
genome-scale metabolic model (mGSMM). Note that no other
biochemical reactions in iJN678 were modified or deleted.

2.4. Flux balance analysis

An objective function was set to maximize glycogen uptake for FBA
simulation (COBRApy 0.13.4 [37] in Python 3.6.6) estimated by linear
programming [38]. To mimic the experimental dark anoxic conditions,
the model was constrained by setting glucose, sodium bicarbonate,
photon, and oxygen uptake rates to zero. Further, as these conditions do
not favor growth, all biomass accumulation reactions were constrained
to zero. mGSMM along with these constraints were employed in the flux
balance analysis to simulate the model-based flux distribution under
various conditions. A comparison of the fluxes predicted by mGSMM and
iSynCJ816 [34] is presented in Text S3, Supplementary information for a
sample case. Experimental fluxes (estimated using the method specified
above) were compared with the model predicted maximum and mini-
mum fluxes simulated using flux variability analysis (FVA) [39,40].
mGSMM model was also used for FBA simulations for analyzing flux
distribution due to variation in temperature. mGSMM being a
genome-scale metabolic model, the topology of the underlying meta-
bolic network itself does not change due to variation in temperature. For
the case of the FBA simulations to study the effect of NaHCO3 supple-
mentation, in addition to the constraints specified above, the sodium
bicarbonate uptake rate was constrained with that estimated from
experimental data. (Details pertaining to the availability of SBML
version of the mGSMM and the COBRApy script are Text S4, Supple-
mentary information.).

2.5. Calculation of kinetic parameters
Relationship between the accumulation rates of various organic

acids and the NaHCOg concentration was deduced by using, as a model,
Haldane [41] or Hill equation, respectively given by
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Table 1
Glycogen uptake rate and yield of organic acids production under different
experimental conditions. The mutant strains were grown in NH4Cl rich media.

Experimental Glycogen Yield
conditions uptake rate
(mmol/gDW/  (mmol/mmol glucose utilized by glycogen)
h)
Succinate Acetate Malate Lactate
NaNOj3 0.0067 0.2327 2.2937 0.0165  0.1073
NH4CI 0.0079 0.2671 2.1621 0.0150  0.1056
ppc overexpression 0.0141 0.3190 2.3012 Nd 0.0291
at 30 °C
Ppc overexpression 0.0341 0.1700 2.5514 Nd 0.0702
at 35°C
ppc overexpression 0.0451 0.1294 2.4886 Nd 0.1674
at 37 °C
VinaxS
U= max' 5 (5)
Ks+ S+ (82/K))
or
VinaxS"
V= 6
05+ S

where v is the accumulation rate of the organic acid at a certain NaHCO3
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(substrate) concentration S, Vp,qy is the maximum rate (mmol/gDW/h),
K is the substrate saturation constant (mM), Kj is the substrate inhibi-
tion constant (mM), Ky 5 is the substrate concentration (mM) at half-
maximal rate and n is the Hill coefficient. Values for these parameters
and root mean square error (R%) were estimated using the function
‘Solver’, Microsoft Excel 2013.

3. Results
3.1. Flux balance analysis of SC 6803 under dark anoxic fermentation

The rates of glycogen uptake and accumulated organic acids for wild-
type cells grown in NH4Cl and NaNOs3 [21,22] are listed in Table 1
(Section 2). In both cases, while most of the carbon from glycogen is
utilized for producing acetate, the remaining were distributed among
succinate, lactate and malate. Succinate production is twice as that of
lactate, which in turn is ten times that of malate.

We employed flux balance analysis (FBA) on the modified genome-
scale metabolic model (mGSMM) to estimate the range of feasible
fluxes for the intracellular metabolic pathways including breakdown of
glycogen (GLCP2) that match the constraints set (Section 2). These
fluxes are contrasted with those estimated from the experimental data
(Section 2) for the case of wild-type cells grown in NH4CI (Fig. 1) and
NaNOs (Fig. S2, Supplementary information). Fluxes estimated from the
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Fig. 1. Flux distribution map of the central carbon metabolic pathway comparing the experimental fluxes (blue) and those model predicted maximum and minimum
(red) given by flux variability analysis under dark anoxic conditions for SC 6803 grown in NH4CI rich media. Fluxes are in mmo/gDW/h.
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Fig. 2. Comparison of the model predicted flux and those estimated from experimental data for intracellular reactions under dark anoxic conditions for wild-type SC
6803 grown in (A) NaNO3 and (B) NH4CI rich media. A similar comparison for the ppc gene overexpressing mutant strains under dark anoxic conditions at tem-
perature C) 30 °C, D) 35°C, E) 37 °C. Error bars represents maximum and minimum fluxes estimated using FVA. Certain reactions labeled are as specified

in Table S1.

metabolite accumulation data were in the FVA range predicted by the
FBA of the mGSMM. In particular, 30% of the carbon from glycogen is
channeled via the Pentose Phosphate (PP) pathway. A fraction of this
carbon is recycled back to make the EMP pathway operational sug-
gesting partial gluconeogenesis may be occurring in the cells. Note that
the NADPH and NADH redox balance, which are included in the
mGSMM, necessitates gluconeogenesis. CO» generated during the for-
mation of acetyl CoA from pyruvate (reaction POR_syn) is utilised for
converting PEP to oxaloacetate (OAA) using PEP carboxylase and for D-
ribulose 1,5-bisphosphate (RUBP) to 3PG using ribulose biphosphate
carboxylase (RBPC) in Calvin cycle. The model was able to capture the
experimentally reported observation that conversion from 2-ketogluta-
rate to succinate in the TCA cycle is non-functional. This suggests that
TCA cycle may be truncated with the reductive pathway being opera-
tional for producing succinate from OAA. Fluxes estimated using FBA for
these two conditions are contrasted with the corresponding experi-
mentally determined quantities in Fig. 2 (a and b). The mGSMM pre-
dicted fluxes matched well with those from experimental accumulation
data. The succinate production is through the reductive pathway for
which conversion of PEP to OAA catalyzed by the PEP carboxylase,
coded by ppc gene, is the key step.

We next considered the effect of the accumulation rates due to the
overexpression of ppc gene in SC 6803 grown in NH4Cl and subsequently
subject to dark anoxic fermentation. In the case of ppc gene mutant
strain, the glycogen uptake rate (Section 2) increased by ~ 1.75 fold at
30 °C and significantly upon increase in temperature to 35°C (by
~ 4.25 fold) and 37 °C (by ~ 5.6 fold) (see Table 1). Overexpression of
ppc gene led to 20% and 10% increase in yield of succinate and acetate,
respectively. On the other hand, the yield of lactate was only 30% of that
achieved in the case of wild-type and malate was undetected. Further,
increase in temperature for the mutant strain decreased succinate yield
with a concomitant increase in lactate yield. The FBA analysis showed
an enhanced reductive pathway caused by ppc gene overexpression and
thereby leading to an increased succinate yield. The model predicted
fluxes at three different temperatures (Suppl. Figs. S3-S5) matched with

the corresponding ones estimated using experimental data (Fig. 2c—e).

3.2. Nodal analysis for flux distribution

In the central carbon pathway, the key five nodes that control
channeling of carbon are glucose-6-phosphate (Glu6-p), 3-phosphoglyc-
erate (3PG), PEP, pyruvate (PYR), and OAA (Fig. 3). The glucose from
glycogen breakdown is used in the form of glucose-1-phosphate to form
Glu6-p which in turn is converted to gluconolactone-6-phosphate
(6PGL) via PP pathway and fructose-6-phosphate (Fru-6-P) via glycol-
ysis. In the wild-type cases, the flux split ratio between these two re-
actions is 0.3 and 0.7, respectively. On the other hand, for the case of
mutant at 30°C, the split ratio marginally changes to 0.34 and 0.66.
However, upon increasing temperature, the split ratio changes signifi-
cantly to 0.2 and 0.8. This suggests that, for the case of mutant, tem-
perature significantly affects the channeling of carbon through the
glycolysis and PP pathways.

The next key nodal metabolite is 3PG which is synthesized from
RUBP through the Calvin cycle and further is converted to 1,3-bisphos-
phoglycerate (1,3-bPG) via gluconeogenesis and to 2-phosphoglycerate
(2PG) via glycolysis. For all the conditions, ~ 43% of carbon is recycled
back through gluconeogenesis and remaining further downstream. This
43% recycle is for redox balance, as noted in the previous section. Next
important node is PEP. While 10% carbon in PEP, synthesized from 2PG,
is channeled to OAA in the case of wild-type, the overexpression of ppc
gene in cells grown at 30 °C led to a marginal increase to 12%. However,
further increase in temperature resulted in reduction of carbon chan-
neled to OAA with a concomitant decrease in the succinate yield
(Table 1).

At the PYR node, marginal channeling of carbon occurs towards
producing lactate. The decrease in flux to PYR caused by ppc over-
expression in cells grown at 30 °C results in reduction of lactate pro-
duction. Upon increasing temperature, the lactate production levels is
similar to that in wild-type. This implies that the increase in flux to OAA
due to ppc overexpression is compensated by the decrease in lactate
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Malate

Fig. 3. Important nodes in central metabolic pathway controlling carbon channeling and the fluxes (normalized by glycogen uptake rate) corresponding to the
reactions in which they are involved. Numbers in the brackets capture the percentage of flux channeled from the node via different reactions.

synthesis. Further downstream, at the OAA node, reductive pathway
converting OAA to malate dominates (99%) over the oxidative pathway
of the TCA cycle. As it has been indicated previously, this is the primary
mechanism that governs the accumulation of succinate from glycogen
under dark anoxic conditions.

3.3. Improving yields of organic acids

Experimentally validated mGSMM, as demonstrated in the previous
section, was next used to identify strategies for further improvement of
the synthesis of the organic acids. In order to achieve this, we con-
strained the glycogen uptake rate to that estimated from experimental
data and set the objective function of the FBA to maximize organic acid
under dark anoxic, no growth conditions. Further, both oxidative and
reductive branches of TCA cycle were kept functional.

The normalized flux distribution of the biochemical reactions cor-
responding maximization of succinate is shown in Fig. 4. The maximum
theoretical yield for succinate is 0.47, which was ~ 1.5 times larger than
the yield obtained for the case of ppc overexpression at 30 °C from ex-
periments. The flux distribution indicated that maximum succinate
theoretical yield will demand no lactate and malate synthesis, and a
reduced acetate accumulation (~ 60% decrease as compared to exper-
imental observations for the case of ppc overexpression at 30 °C).
Further, the extent of gluconeogenesis decreases significantly indicating
lower redox demand. Interestingly, the mGSMM revealed that maximum

theoretical yield is dominated by the oxidative pathway unlike the
reductive pathway being dominant in the case of ppc overexpression at
30 °C. Note that the carbon is channeled through the y-aminobutyric
acid (GABA) shunt and not through the regular TCA cycle. This could be
due to a reduced redox demand necessary for maximization of the
succinate.

The maximization of succinate requires that glucose from the
breakdown of glycogen is entirely channeling into the glycolytic
pathway (Fig. 5A). Further, the recycle of flux at 3PG reduces by 75% as
compared to the ppc overexpression at 30 °C. These ensure that the
redox demand for the PP pathway and the extent of gluconeogenesis is
proportionately reduced. At the next important node PEP, the flux split
up ratio for PPC reaction is 30% as compared to 10% for the case of ppc
overexpression at 30 °C. This suggests that more overexpression of ppc
gene is essential to further improve the yield of succinate. At PYR, flux to
LDH_D reaction is negligible indicating no production of lactate, which
is desirable as separation post synthesis can be avoided. At OAA, the
carbon is primarily channeled through the oxidative pathway (~ 77% to
CS reaction) and the rest results in synthesis of aspartate. Note that this
was not observed in the experiments as the reductive pathway is
dominant in the TCA cycle.

We next considered maximization of acetate, lactate and malate. The
experiments suggest a maximum yield of 2.55 (Table 1) achieved for the
case of ppc overexpression at 35 °C. The maximum theoretical yield
achieved by setting maximization of acetate as the objective function for
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Fig. 4. Normalized flux distribution map corresponding to theoretical maximum succinate contrasted with that estimated from experimental data for ppc gene
overexpressing mutant SC 6803 at 30 °C under dark anoxic conditions. Fluxes were normalized with the corresponding absolute glycogen breakdown flux of

0.0141 mmol/gDW/h.

the FBA of the mGSMM is 3 (Fig. S6, Supplementary information). This
can also be observed in the nodal analysis (Fig. 5). On the other hand,
maximization of lactate leads to a flux distribution that would make the
cells homo-lactate, wherein all carbon from glycogen is channeled to
lactate via glycolysis, which is also clearly captured in the nodal analysis
(Figs. 5 and S7, Supplementary information). The maximization of
malate offers a flux distribution that could lead to a significant increase
in its synthesis (Fig. S8, Supplementary information). This increase is
due to carbon channeled through PP pathway, although reduced by half
as that for the case of ppc overexpression at 30 °C. The nodal analysis
shows that primary channel for carbon from Glu-6-P is the glycolysis
pathway and only 17% of the flux going through the PP pathway
(Fig. 5A). Further, a unique feature is that 18% of the input flux towards
PYR is through lactate via dihydroxyacetone phosphate (DHAP). The
nodal analysis around OAA shows that the flux is primarily through PPC
reaction, suggesting that ppc overexpression facilitates malate synthesis
(Fig. 5E). Further downstream, the reductive pathway of the TCA cycle
is found to be operational. Under these conditions, the accumulation of

acetate is reduced. Note that while PEP to OAA biochemical reaction is
catalyzed by PEP carboxylase, COs is also a substrate for this reaction.
Thus, even if ppc gene can be overexpressed, the flux through this re-
action could be limited by the availability of COs.

3.4. Sodium bicarbonate supplementation enhances organic acid
production

Sodium bicarbonate supplementation is one possible strategy to in-
crease the CO5 pool in SC 6803 [22]. Based on the estimate of the rate of
organic acids from experimental data [22] at 30 °C and 37 °C when SC
6803 was supplemented with different concentrations of NaHCO3 under
dark anoxic conditions, the fluxes for succinate, acetate and lactate were
deciphered (Section 2). The dependence of these fluxes on NaHCOs3
concentration at the two temperatures considered is shown in Fig. 6. For
the case of succinate, a peak was observed at 200 and 100 mM NaHCOj3
supplement at 30 °C and 37 °C, respectively. We hypothesize that the
decrease in the flux at higher NaHCO3 concentrations could be due to
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Table 2

Kinetic parameters quantifying the organic acid production under dark anoxic
condition with sodium bicarbonate supplementation. Haldane and Hill models
are in Egs. (5) and (6), respectively (Section 2).

Temperature Vinax (mmol/ Ks (mM K; (mM R?
[{O) gDW/h) NaHCO3) NaHCO3)

Succinate: Haldane Model

30 0.007 13.35 1.42 x 108 0.966

37 0.013 0.003 527.15 0.743

Acetate: Haldane Model

30 0.042 30.62 1.90 x 10'° 1

37 0.076 0 225.06 1

Temperature Vinax (mmol/ Ko5 (mM n R?
0 gDW/h) NaHCO3)

Lactate: Hill Model

30 0.43 2.21 x 10° 1.33 1

37 3.08 1.42 x 10* 1.11 0.989

the presence of an overall inhibition. On the other hand, for the case of
acetate, with increasing NaHCOj3 concentration, while the flux increased
marginally at 30 °C, interestingly a decreasing trend was observed at
37 °C which could perhaps be due to an inhibitory action. Flux increased
with NaHCOj3 concentration for the case of lactate at both temperatures.

In order to quantify the effect of NaHCOj3 concentration on the fluxes
of the organic acids, kinetic analysis was performed. Note that this ki-
netic analysis captures the overall NaHCO3; dose response. Haldane
model (Eq. (5)) was used, which includes inhibition terms, for quanti-
fying succinate and acetate flux dependence on NaHCOs3 concentration.
On the other hand, we employed Hill model (Eq. (6)) to capture the
effect of NaHCO3 on lactate flux. The parameters estimated are in
Table 2 (Section 2). We note that, as expected, the Vi capturing the
maximum rate increased with increasing temperature for all three acids.
For the case of succinate and acetate, significant decrease in K; with
increasing temperature indicates the presence of strong inhibition at
37 °C. On the other hand, for the case of lactate, the values of the
exponent, n, suggest that the sensitivity to NaHCO3 concentration has
decreased marginally with increasing temperature.

3.4.1. Flux balance analysis for sodium bicarbonate supplementation under
dark anoxic condition

Rates calculated for extracellular acetate, lactate and NaHCOs3 along
with measured glycogen uptake (Section 2) were constrained by maxi-
mizing extracellular succinate as the objective function in mGSMM.
Note that flux towards biomass accumulation was kept open in mGSMM.
However, no flux towards biomass was observed indicating the absence
of growth in spite of the presence of NaHCO3 as a carbon source under
the dark anoxic conditions.

We first consider the case of secretion of organic acids by SC 6803
under dark anoxic conditions supplemented with different concentra-
tions of NaHCO3 at 30 °C. Normalized flux distributions on the central
metabolic pathway for these concentrations are shown in Fig. 7. Inter-
estingly, at all concentrations considered, while PP pathway largely
remained unused, the flux to OAA is primarily recycled via L-malate to
PYR resulting in the formation of significant quantities of acetate via
acetyl-CoA. Rest of the flux in the reductive pathway of the TCA cycle
results in secretion of succinate. Absence of flux from acetyl-CoA to
citrate indicates that the oxidative pathway of the TCA cycle is inactive.
Further, flux towards lactate is primarily through the alternative
pathway via DHAP and not via the classical route involving pyruvate.
Carbon channeling pattern through the central metabolic pathway at
37 °C (Fig. S9, Supplementary information) is similar to that observed
for 30 °C.

Since sodium bicarbonate supplementation enhances secreted
organic acids, we next investigate the extent of carbon sourced from
NaHCOs. Note that while NaHCOs, which is completely utilized, adds to
overall CO5 pool. The carbon from it could either be distributed among
various metabolites or be secreted. Depending upon the sodium
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bicarbonate supplementation concentration and the temperature, about
10-25% flux worth of carbon from NaHCOs is distributed to different
metabolites in the pathway at 30 °C and 37 °C (Fig. 8). This indicates
that carbon from NaHCOs3 contributed to the increased organic acids
secretion when SC 6803 was supplemented with NaHCO3 (Fig. 6). Other
than a slight increase for 100 mM at 37 °C, increase in supplemented
NaHCO3 reduces the fraction of the carbon distributed into the meta-
bolic pathway.

In order to distill out the effect of temperature and NaHCOs3 sup-
plementation on the channeling of carbon through the central metabolic
pathway, we next perform a nodal analysis using the estimated accu-
mulation rates. Based on the flux distribution, key nodes channeling
carbon flow towards production of organic acids are PEP, PYR, OAA, L-
malate. The normalized fluxes channeled at these nodes as a function of
temperature and NaHCOj3 concentrations are in Fig. 9. For both tem-
peratures considered, while the flux distributed from PEP to PYR and
OAA remained nearly poised up to 100 mM, at higher concentrations the
carbon channeled to PYR nearly doubled indicating that the OAA route
is less preferred (Fig 9A). In the presence of NaHCOs3, carbon reaching
OAA junction is completely channelized into the reductive pathway
(Fig. 9B) indicating that the oxidative pathway of the TCA cycle remains
non-operational. Further, flux reaching L-malate is recycled to PYR and
the remaining carbon ends up in Succinate via Fumarate. This recycled
carbon accounts for about half of that reaching PYR at certain NaHCO3
concentrations (Fig. 9C). Most of the carbon flux reaching PYR is utilized
for producing acetate via acetyl-CoA (Fig. 9C). Nature of dependence of
the extent of carbon recycle via L-Malate on the NaHCOs3 concentration
could be dictating the peak observed in the succinate secretion. Further
significant reduction in the recycle via L-malate at high concentrations
and simultaneous doubling of flux from PEP to PYR could lead to
enhanced acetate secretion at 200 mM and 300 mM (Fig. 6).

3.4.2. Improved sodium bicarbonate assisted organic acid secretion

We next asked a question if the secretion of organic acids can be
further improved when NaHCO3 supplement is provided. In order to
answer this, in the mGSMM, we constrained the glycogen uptake rate to
that estimated from experimental data and also the NaHCOj3 supplement
to that used in experiments. We then set the objective function of the
FBA to maximize organic acid under dark anoxic conditions with
biomass accumulation kept open. Further, both oxidative and reductive
branches of TCA cycle were kept functional. For the case of 100 mM
NaHCOs supplementation, a comparison of the distribution of flux when
organic acids were constrained to experimentally observed rates and
with those when succinate was maximized showed that 4.25 fold
improvement in the secreted succinic acid could be achieved (Fig. 10).
The flux distribution further suggests that the extra carbon is sourced
from NaHCOg by (a) reducing the CO; secretion from 72% to 50%, and
(b) arresting the carbon recycle to PYR via L-malate and channeling
carbon from DHAP to lactate via PYR to oxidative pathway of the TCA
cycle. While the former aids in increasing the carbon availability, the
latter ensures that carbon which would otherwise lead to formation of
acetate and lactate are diverted to forming succinate.

4. Discussion

Cyanobacteria Synechocystis sp. PCC 6803 (SC 6803) has the ability
to sequester atmospheric CO, and utilize the carbon for its growth. Our
modified genome-scale metabolic model (mGSMM) revealed that the
redox balance plays a crucial role in the experimentally observed flux
distribution in the central carbon metabolic pathway. This drives partial
gluconeogenesis upto ~ 43% in order to balance the NADH and NADPH,
and thereby keeping the Calvin cycle operational. Further, nGSMM also
predicted the experimentally observed feature that TCA cycle is trun-
cated post 2-ketoglutarate and with the functioning of the reductive
pathway being dominant. In order to enhance the flux through the
reductive pathway, a common strategy is to overexpress ppc gene which
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Fig. 7. Distribution of fluxes in the central carbon metabolic pathway for the case of SC 6803 subject to dark anoxic conditions at 30 °C and supplemented with
different concentrations of NaHCO3. Note that the fluxes were normalized with the corresponding absolute glycogen breakdown flux. The absolute glycogen
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the biochemical reaction PYR to acetyl-CoA includes contributions due to enzymes PDH and POR_Syn.

increases carbon flow from PEP to OAA and further to succinate through
the TCA cycle reductive pathway. This could be because Malate dehy-
drogenase is active in TCA cycle secreting malate along with succinate
which facilitates reductive pathway rather than the oxidative one. Ma-
late dehydrogenase in SC 6803 is likely to have low activity in oxidative
pathway [42]. The above strategy led to 1.2 fold increase in the succi-
nate yield as compared to that observed in wild-type cells grown in
NH4Cl rich media (Table 1). Under the conditions of ppc overexpression,
in addition to enhanced flux through the reductive pathway, the extent
of gluconeogenesis remains at the same level as that for the wild-type.

We next asked the question what is the maximum theoretical suc-
cinate yield and the ensuing metabolic engineering strategies to achieve

the same. Our analysis showed that the maximum theoretical succinate
yield is 0.47, which is 1.8 fold higher than that achieved in the case of
wild-type. Even for this maximum theoretical yield, the flux through
gluconeogenesis decreased with further increase in the flux through PPC
metabolic reaction. Interestingly, the TCA cycle is oxidative and the
succinate synthesis is through the GABA shunt unlike the case observed
in experiments in Hasunuma et al. [21,22]. The reduction in gluco-
neogenesis requires independent control of the redox balance which
occurs through the oxidative pathway of TCA cycle and is catalyzed by
trans-hydrogenase. The carbon that is now recovered due to lowered
gluconeogenesis is channeled into the TCA cycle and thereby leading to
an increase in succinate yield. This immediately suggests that an
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appropriate metabolic engineering strategy to improve succinate yield is
to simultaneously overexpress ppc and trans-hydrogenase enzymes, and
block the reductive pathway of the TCA cycle, that is, deletion of malate
dehydrogenase to arrest flux from OAA to malate. An important obser-
vation is that inspite of maximizing succinate the simultaneous accu-
mulation of acetate as a by-product is inevitable due to its energy
requirements. Iijima et al. [43] showed that by overexpression of Malate
dehydrogenase (MDH) with 3 days of aerobic growth under light con-
ditions followed by 3 days of dark anoxic fermentation of SC 6803
yielded 0.21 g/g of succinate per equivalent glucose, which is half of the
theoretical maximum of 0.47 g/g of equivalent glucose obtained by our
flux analysis. Hidese et al. [44] reported that SC 6803 over-expressing
MDH subject to dark anoxic conditions led to 18 mg/gDW of succinate
which is equivalent to 24% of the theoretical maximum predicted
(Fig. 4).

With respect to the other organic acids, the maximum theoretical
yield for acetate, lactate and malate are 3, 2, and 0.42, respectively.
Accumulation of acetate and lactate inactivates the TCA cycle and
minimizes gluconeogenesis. As a direct consequence, the species
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demonstrates the possibility of being homo-acetate or homo-lactate.
Further, note that due to slow glycogen breakdown the productivity of
acetate and lactate using dark anoxic conditions of cyanobacteria will be
0.13 and 0.09 mmol/gDW/h, respectively (assuming a glycogen
breakdown of 0.0451 mmol/gDW/h corresponding to ppc overexpression
at 37 °C). In a recent study [44], lactate yield of 0.386 g/gDW was
achieved in MDH over-expressed SC 6803, which is 50% of the theo-
retical maximum predicted by our model (Fig. S7). A direct comparison
of these quantities with the existing processes for producing acetate and
lactate using homo-acetate and homo-lactate organisms clearly in-
dicates that scope for use of cyanobacteria to produce these is highly
limited. However, use of this species for production of malate could be
promising. Our analysis shows that in order to produce malate, flux of
carbon from glycogen must be primarily channeled through the
glycolysis and via the parallel route of DHAP to PYR. This ensures
simultaneous stoichiometric accumulation of both PYR and PEP in order
to channel the carbon towards malate. The potential metabolic engi-
neering strategy could be to overexpress the enzymes facilitating flux in
the DHAP to PYR pathway, in addition to over-expression of ppc gene.
Note that inspite of employing these interventional approaches, the
species will not serve as homo-malate as the production of acetate,
though in relatively lesser quantities, cannot be avoided.

The analysis presented above points to the reductive pathway of the
TCA cycle playing a dominant role in accumulation of organic acids. PEP
to OAA biochemical reaction catalyzed by PEP carboxylase also requires
CO3 as an additional substrate. An overexpression of PEP carboxylase
although increases flux through this reaction, the theoretical maximum
cannot be achieved due to limitation of CO». In order to circumvent this
limitation, addition of NaHCO3 as a supplement under dark anoxic
conditions could further enhance the flux through the PEP carboxylase
and thereby maximizing the accumulation of organic acids. Nodal
analysis suggests that the flux from glycogen through glycolysis reaches
reductive pathway of the TCA cycle via OAA. Further, a part of it is
recycled to acetate via malate and PYR through the malic enzyme
(Fig. 9). This carbon ends up as acetate satisfying the energy re-
quirements. On the other hand, accumulation of lactate is primarily due
to routing of carbon via DHAP. It is noted that while the accumulation of
glycogen occurs during the growth phase, increasing temperature led to
an increase in the glycogen breakdown rate and thereby increasing the
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Fig. 9. Distribution of flux at (A) PEP, (B) OAA, and (C) PYR nodes in the central metabolic pathway causing channeling carbon to different organic acids when
supplemented with sodium bicarbonate at 30 °C and 37 °C under dark anoxic conditions. Normalized fluxes used are those reported in Figs. 7 and S9.
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absolute flux towards different organic acids under dark anoxic condi-
tions. It is observed that only about 15-20% of the carbon from NaHCO3
is utilized to supplement the biochemical reactions and remaining
released as CO» (Fig. 8). However, the overall relative flux distribution
with respect to glycogen uptake achieved for sodium bicarbonate sup-
plement at 37 °C is similar to that obtained for the case of 30 °C (Figs. 7
and S9). It is seen that at higher NaHCO3 concentrations, there is a
significant reduction in the recycle of carbon to PYR from malate
through malic enzyme resulting in decrease of the acetate yield. In
summary, addition of 100 mM NaHCOj3 at 37 °C offers ~ 2.2 fold in-
crease in the succinate production with substantial accumulation of both
acetate and lactate (Fig. 6). At high concentrations of NaHCO3, CO,

11

utilization reaches a saturation and therefore most of the carbon from
glycogen results in lactate production. A combined strategy of supple-
mentation with NaHCO3; and increased temperature can at best offer
~ 25% of the theoretical maximum succinate production (Fig. 10). Our
analysis shows that this can be achieved only when fluxes to acetate and
lactate are zero and the ATP requirement is satisfied through the
oxidative pathway of the TCA cycle (Fig. 10).

5. Conclusions

In this study, we present a validated predictive genome-scale meta-
bolic model for synthesis of organic acids by Synechocystis sp. PCC 6803
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using dark anoxic fermentation of the glycogen accumulated during
growth under photoautotrophic atmospheric CO5 sequestering condi-
tions. Using the model, we theoretically show that the yield for organic
acids can be improved further by employing metabolic engineering
strategies. In particular, we identify specific pathway engineering to
increase the yield of succinate and malate. Overexpressing trans-
hydrogenase along with ppc and also blocking the reductive pathway
could improve succinate production. While overexpressing enzymes in
the DHAP to PYR pathway maybe needed for improving malate yield, SC
6803 has the potential to be engineered into a home-lactate or homo-
acetate. Our analysis shows that sodium bicarbonate supplementation
leads to enhancement in succinate production by not only providing
additional carbon source but also removing the bottleneck for CO,
requirement. Although challenging, a successful demonstration of these
metabolic interventions needs to be complemented with strategies for
improving glycogen breakdown rate which controls the overall pro-
ductivity. A promising strategy to improve the glycogen breakdown rate
is to increase the temperature.
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