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Abstract

Cyanobacteria acclimate and adapt to changing light conditions by controlling the energy transfer between photosystem I
(PSI) and II (PSII) and pigment composition. Photosynthesis is driven by balancing the excitation between PSI and PSII. To
predict the detailed electron transfer flux of cyanobacteria, we refined the photosynthesis-related reactions in our previously
reconstructed genome-scale model. Two photosynthetic bacteria, Arthrospira and Synechocystis, were used as models. They
were grown under various spectral light conditions and flux balance analysis (FBA) was performed using photon uptake
fluxes into PSI and PSII, which were converted from each light spectrum by considering the photoacclimation of pigments
and the distribution ratio of phycobilisome to PSI and PSII. In Arthrospira, the FBA was verified with experimental data
using six types of light-emitting diodes (White, Blue, Green, Yellow, Redl, and Red2). FBA predicted the cell growth of
Synechocystis for the LEDs, excepting Red2. In an FBA simulation, cells used respiratory terminal oxidases and two NADH
dehydrogenases (NDH-1 and NDH-2) to balance the PSI and PSII excitations depending on the light conditions. FBA simu-
lation with our refined model functionally implicated NDH-1 and NDH-2 as a component of cyclic electron transport in the
varied light environments.
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Abbreviations LET Linear electron transport
ARTO Alternative respiratory oxidase NDH-1 Type I NADH dehydrogenase
Car Carotenoid NDH-2 Type II NADH dehydrogenase
CET Cyclic electron transport PBS Phycobilisome
Chl Chlorophyll Pc Plastocyanin
Cox aa;-type cytochrome ¢ oxidase complex PQ Plastoquinone
Cyd Cytochrome bd-quinol oxidase complex PSI Photosystem I
cyt bef Cytochrome b4f complex PSII Photosystem I1
FBA Flux balance analysis RTO Respiratory terminal oxidase
Fd Ferredoxin SDH Succinate dehydrogenase
FNR ferredoxin  NADP™ reductase
LED Light-emitting diodes

Introduction
Electronic supplementary material The online version of this Photosynthetic organisms transform sunlight to chemical

article (https://doi.org/10.1007/s11120-019-00678-x) contains
supplementary material, which is available to authorized users.

energy (ATP) and reductant (NADPH) for carbon fixation.
These organisms contain specific pigments that include
04 Hiroshi Shimizu chlorophyll (Chl) and carotenoids (Car). Cyanobacteria have
shimizu@ist.osaka-u.ac.jp specific antenna pigment—protein complexes called phycobi-
Department of Bioinformatic Engineering, Graduate School lisomes (PBS), which contain phycoerythrin, phycocyanin,

of Information Science and Technology, Osaka University, and allophycocyanin. PBSs increase the light-harvesting
1-5 Yamadaoka, Suita, Osaka 565-0871, Japan ability of cyanobacteria. The light energy is transferred from
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each PBS to Chl in photosystem I (PSI) and photosystem
II (PSII) (Gantt 1981; Glazer 1984; Mimuro and Kikuchi
2003). These light-harvesting pigments have different
absorbance wavelengths and allow survival under various
light environments (Grossman et al. 1995; Hohmann-Mar-
riott and Blankenship 2011; Rockwell et al. 2014; Duanmu
et al. 2017).

Photosynthesis is driven by two electron transport path-
ways, linear electron transport (LET) and cyclic electron
transport (CET). Regulation of the ratio between LET and
CET is particularly important for controlling the redox and
energy balance of the cell by regulating the synthesis ratio
of ATP and NADPH (Mullineaux 2014). The LET and CET
activities are modified by maintaining a suitable balance of
excitation between PSI and PSII. Energy transfer between
both PSI and PSII, the energy distribution from each PBS
to PSI/PSII, and the pigment composition are key factors
for controlling the activities of electron transfer pathways
to adapt to light environmental conditions (Akimoto et al.
2012, 2013; Dall’Osto et al. 2015; Yokono et al. 2015; Ho
et al. 2017; Duanmu et al. 2017). However, the mechanism
by which cyanobacteria selectively use these complicated
electron transfer pathways depending on a light environment
remains unclear.

Model-based approaches are increasingly used in photo-
synthetic organisms to gain functional insights and to predict
the metabolic processes (Boyle and Morgan 2009; Chang
et al. 2011; Yoshikawa et al. 2011, 2017; Imam et al. 2015;
Broddrick et al. 2016; Yuan et al. 2016; Zakhartsev et al.
2016). One of the modeling approaches, flux balance analy-
sis (FBA), is a constraint-based modeling approach that is
widely used in predicting metabolic fluxes based on the stoi-
chiometry of reactions by assuming a steady state of meta-
bolic reactions (Schilling et al. 1999; Feist et al. 2009; Orth
et al. 2010). Briefly, in FBA, all reactions of the metabolic
model are described by a stoichiometric formula. Assuming
a pseudo-steady state of the metabolic reactions, the maxi-
mum and minimum ranges of the flux for each reaction are
defined. The FBA simulates a steady-state flux distribu-
tion that optimizes an objective function, e.g., maximizing
biomass production (Price et al. 2004). FBA does not treat
dynamic behavior of the intracellular metabolite concentra-
tions or the kinetic representation of enzyme reactions. The
details of FBA were previously described (Feist et al. 2009;
Schilling et al. 1999).

Once this set of steady-state fluxes is defined, optimiza-
tion technique is used to evaluate the performance of the
biological system under various environmental conditions.
In this study, electron transfer fluxes in photosynthetic path-
ways were predicted under differential spectral conditions.
Based on the input rate of photons and the ratios provided,
all other fluxes are adjusted to maximize the growth rate. The
predicted fluxes are able to be compared with each other and
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with experimental data. These in silico metabolic simula-
tions predict the metabolic flux changes according to culture
conditions, such as nutrient limitation, and different trophic
conditions. In this study, the specific growth rate was used
as the objective function to be maximized, with the assump-
tion that cellular metabolism is self-organized to maximize
specific growth rate. The cell growth rates obtained by the
experiments were compared with simulation. As the quan-
titative measurement of the electron flow through photo-
systems including complicated cyclic pathways remains
challenging, FBA is a promising way of revealing the flux
distribution of the photosystem based on the mass balance
constraints. Previously, analysis of the adaptation mecha-
nism of photosynthetic pathways and electron transfer in
LET and CET (Nogales et al. 2012; Vu et al. 2012; Qian
et al. 2017) were reported; however, the models lack the
details of photosynthetic and respiratory electron transports
in photosynthetic pathways under different spectral light
information.

In the present study, we considered two photosynthetic
bacteria, Synechocystis sp. PCC 6803 and Arthrospira
platensis, as models. Synechocystis is a unicellular cyano-
bacterium, which is widely used as a model organism for
studying photosynthesis (Burnap and Sherman 1991; Chitnis
and Chitnis 1993; Ikeuchi and Tabata 2001). Its genome
has been sequenced (Fujisawa et al. 2017) and its electron
transport pathways and photosynthesis components have
been determined. Nevertheless, for accurate simulation of
the electron fluxes under various lightning conditions, the
determination of the energy transfer ratio from PBS to PSI
and PSII is essential. The ratio measured by time-resolved
fluorescence spectroscopy has been reported in the filamen-
tous cyanobacterium Arthrospira, which has been widely
cultured for commercial applications (Akimoto et al. 2013).
Assuming that both cyanobacteria utilize common metabolic
and photosynthetic pathways, information of the photosyn-
thetic characteristic of Arthrospira was used to understand
the selective use of electron flow in Synechocystis.

This study sought to predict the fluxes of photosynthetic
and respiratory electron transports under various light envi-
ronments. For this goal, we developed an updated model
that included detailed information of photosynthesis and
respiratory chain electron transport pathways. The recon-
struction was based on the previous genome-scale metabolic
model of Synechocystis sp. PCC 6803 (Yoshikawa et al.
2011). Initially, the reconstructed model was verified with
experimental data of cell growth and photon absorption of
Arthrospira. It was confirmed that the model predicted the
specific growth rate of Arthrospira under different spectral
light conditions. Moreover, it also predicted the cell growth
of Synechocystis sp. PCC 6803 with the specific parame-
ters of this strain for absorbing different spectral lights. By
using this model, it was clarified that the selective role of
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photosynthetic electron transport components and regula-
tion of LET and CET under different spectral light were
controlled by the change in energy transfer ratio from PBS
to PSI and PSII. The simulation results provide new insight
into the understanding of the photosynthetic system of
cyanobacteria in the acclimation and adaptation to various
light environments.

Materials and methods
Development of the genome-scale metabolic model

A genome-scale metabolic model of Synechocystis sp.
PCC 6803 was developed according to our previous model
(Yoshikawa et al. 2011). Photosynthesis reaction pathway
in the previous model was refined based on the information
from various sources, such as public databases, literature,
and genome sequences (Mitchell 1975; Rich 1988; Sack-
steder et al. 2000; Pils and Schmetterer 2001; Mullineaux
2008; Lea-Smith et al. 2013; Peltier et al. 2016). We col-
lected the annotation and pathway data from CyanoBase
(Nakamura et al. 1998) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Kanehisa and Goto 2000). The
updated stoichiometric formulas from R0O001 to R0043 in
Table S1 were added to our previous model as photosyn-
thetic reactions.

FBA

The metabolic flux distribution of the genome-scale meta-
bolic model of Synechocystis sp. PCC 6803 was calculated
using FBA, as described previously (Yoshikawa et al. 2011).
The specific growth rate was used as the objective function
to be maximized in all simulations presented in this study.
All simulations were performed using the MATLAB R2018a
(MathWorks Inc., Natick, MA, USA) with COBRA Toolbox
v3.0 (Becker et al. 2007; Heirendt et al. 2019) and the open-
source GLPK software (http://glpkmex.sourceforge.net/),
which is an application that solves linear programming.
Since linear programming problems can present multiple
solutions with an identical value for the objective function,
the flux variability of each reaction was calculated (Mahade-
van and Schilling 2003). In brief, after obtaining a maxi-
mum specific growth rate by FBA, each flux was maximized
and minimized under the condition of maximized specific
growth rate, to check the variability of fluxes.

In FBA simulation, photon incident rates of
Arthrospira and Synechocystis cells were normalized to
42.6 mmol gDW~! h™!' and 78 mmol gDW~! h™!, respec-
tively. The values are adjusted so that the simulated cell
growth rate under yellow light condition is coincident
with the experimental data of the growth rate in each of

Arthrospira and Synechocystis culture. We estimated that
these values are much fewer than 230 pmol m~2 s~! irra-
diation light intensity because large amount of irradiation
photon is transmitted and not absorbed by the cells.

Growth of Synechocystis

Before the growth experiments, cells of Synechocystis sp.
PCC 6803 glucose-tolerant strain (GT) (Williams 1988)
were grown in BG-11 medium (Rippka et al. 1979) at 32
°C under continuous white LED light (20 umol m~2 s7})
in flasks by constant shaking at 120 rpm. In the growth
experiment, the culture was initially inoculated with an
inoculum from the preculture in stationary phase. The
cells were grown in 200-mL flasks containing 50 mL
BG-11 under continuous different spectral LED lights at
230 umol m~2 s~!. Six different light sources were used
to cultivate the cells: white LED (hereafter referred as to
White) and five different single-color LEDs with follow-
ing spectral profiles: a single peak at 470 nm (blue light,
hereafter referred as to Blue), 530 nm (green light, Green),
590 nm (yellow light, Yellow), 630 nm (red light 1, Red1),
and 680 nm (red light 2, Red2).

Absorption spectrum of cell suspension

Absorption spectra of the cell suspensions were measured
according to the so-called opal glass method described pre-
viously (Toyoshima et al. 2016), with a translucent cuvette
placed in front of the detector in order to minimize the light
scattering effect.

Measurements of photosynthetic oxygen evolution
and chlorophyll content

All the analytical methods were essentially identical to those
described previously (Toyoshima et al. 2016). Cells were
maintained at 30 °C for 5 min and the oxygen consumption
rate (A) was recorded. Next, the cells were irradiated by the
six different LEDs at 230 pumol m~2 s~! for 3 min, and the
oxygen evolution rate (B) was recorded. Photosynthetic oxy-
gen evolution rate was calculated as (B+A). To determine
the Chl content, a 200-uL culture was mixed with 800 uL.
acetone. After a brief centrifugation in a microfuge at top
speed, the supernatant was used for spectrophotometry at
710 and 630 nm using a model DU80O0 spectrophotometer
(Beckman Coulter, Brea, CA, USA). Notably, Synechocystis
sp. PCC 6803 only has Chl a. Thus, the amount of chlo-
rophyll is the amount of Chl a, which was determined as
previously described (Porra et al. 1989).
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Results and discussion

Refinement of photosynthesis in the genome-scale
metabolic model

We refined the photosynthesis-related reactions in the
genome-scale model of Synechocystis sp. PCC 6803,
developed in our previous studies (Yoshikawa et al. 2011,
2017). Initially, we updated a draft model of photosyn-
thesis and electron transfer pathways based on the infor-
mation provided by genome annotation from databases
such as CyanoBase (Nakamura et al. 1998) and KEGG
(Kanehisa and Goto 2000) (Fig. 1, Table S1). The meta-
bolic reactions, excluding photosynthetic reactions, were
the same as the constructed model in our previous study
(Yoshikawa et al. 2011).

We added type I NADH dehydrogenase (NDH-1; R0033
in Table S1) (Bernat et al. 2011; Peltier et al. 2016), type 11
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NADH dehydrogenase (NDH-2; R0035 in Table S1) (How-
itt et al. 1999; Peltier et al. 2016; Huokko et al. 2017),
and succinate dehydrogenase (SDH; R031 and R0032 in
Table S1) as CET in our model. In the KEGG database,
NDH-1 complex accepts the electrons from NADH. How-
ever, previous studies elucidated that ferredoxin (Fd) is
the electron donor for cyanobacterial NDH-1 (Battchikova
et al. 2011; Peltier et al. 2016, Schuller et al. 2019). Thus,
we used Fd as the electron donor of the NDH-1 reaction.

Furthermore, the Q cycle in cytochrome b4 complex
(cyt byf) was previously described in detail (R0O017, R0018,
and R0O019 in Table S1) (Mitchell 1975; Rich 1988; Sack-
steder et al. 2000). Synechocystis sp. PCC 6803 contains
three respiratory terminal oxidases (RTOs): aa;-type
cytochrome c oxidase complex (Cox) (Schmetterer et al.
1994), cytochrome bd-quinol oxidase complex (Cyd) (How-
itt and Vermaas 1998), and the alternative respiratory oxi-
dase (ARTO) (Pils et al. 1997; Howitt and Vermaas 1998).
In our model, the electron donors for Cox and Cyd were
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Fig. 1 Scheme of photosynthetic reaction flow in a genome-scale
model of Synechocystis sp. PCC 6803. Red lettering indicates the
reaction name in our model (see Table S1). Abbreviations: PC, phy-
cocyanin; APC, allophycocyanin; ApcDEF, phycobilisome anchor
protein DEF; hv550, photon 550 nm; hv620, photon 620 nm; hv650,
photon 650 nm; hv670, photon 670 nm; hv680, photon 680 nm;
hv700, photon 700 nm; Fd, ferredoxin; Fdrd, reduced ferredoxin;
Fdox, oxidized ferredoxin; Trdrd, reduced thioredoxin; Trdox, oxi-
dized thioredoxin; OCP, orange carotenoid protein; Mn, manganese
cluster; Yz, tyrosine Z; Phe, pheophytin; Q,, first quinone electron
acceptor; Qg, second quinone electron acceptor; PQH,, plastoquinol;
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SDH, succinate dehydrogenase; NDH-1, type I NADH dehydroge-
nase; NDH-2, type II NADH dehydrogenase; succ, succinate; fum,
fumarate; CCM, CO,-concentrating mechanism; CytQ;, cytochrome
bf Q; site; CytQ,, cytochrome byf Q, site; Cyt b, cytochrome b; FeS,
Rieske iron-sulfur cluster; Cyt f, cytochrome f; Pc, plastocyanin; A,
phylloquinone; A, chlorophyll a,; A,, phylloquinone A,; FeS,, iron-
sulfur cluster X; FeS,, iron-sulfur cluster A; FeSg, iron-sulfur cluster
B; FTR, ferredoxin:thioredoxin reductase; FNR, ferredoxin:NADP*
reductase; TH, NADPH: NAD™ transhydrogenase; Cox, cytochrome ¢
oxidase; Flv1/3, flavodiiron protein 1/3; H, hydrogen iron in cytosol;
HI[t], hydrogen iron in thylakoid lumen
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designated plastocyanin (Pc; RO031 in Table S1) and plas-
toquinone (PQ; R0037 in Table S1), respectively, based
on a previous study (Pils and Schmetterer 2001). As Cyd
and ARTO have similar function (Pils et al. 1997; Pils and
Schmetterer 2001; Lea-Smith et al. 2013), these oxidases
are integrated into Cyd in our model. HCO;™ uptake reac-
tion was described as an ATP-dependent reaction (R0050
in Table S1). All CO, that was taken us was temporarily
converted to HCO;™ (R063 and R0034 in Table S1). The
HCO;™ was converted to CO, again by carbonic anhydrase
for utilization by metabolic enzymes, which was termed the
“CO, concentrating mechanism” (R213 in Table S1).

We described PBS (light-harvesting pigment is phycocya-
nin), PSII (light-harvesting pigment is chlorophyll P680),
and PSI (light-harvesting pigment is chlorophyll P700)
as the incident photon sites (RO001, R0O010, and R0022
in Table S1, respectively). The change in energy transfers
from PBS to PSII and PSI (previously described as “state
transitions”; Mullineaux 2008) was represented as R0006
and R0O007, respectively. Experimental data of the energy
transfer ratio of PBS to PSI and PSII for six wavelength
lights (PSI/PSII* in Table 1) were used for the determination
of the flux ratio of RO006 (from PBS to PSII energy trans-
fer reaction) and RO007 (from PBS to PSI energy transfer
reaction) to simulate under each color light condition (PSI/
PSII* =R0007 flux/R0006 flux).

The most important stoichiometric constraint in the model
is that the flux of electrons from PSII through cyt b,f to PSI
and the flux of incident photons to PSI must be balanced
to R0023 (Plcred + P7000xd — Plcoxd + P700red) flux.
This constraint makes the PSI/PSII excitation ratio impor-
tant in determining the flux distribution in FBA simulation.
By this constraint, the fluxes of CET and respiration are
required to adjust the flux balance of PSII and PSI. Addition-
ally, by defining the energy distribution from PBS to PSI/
PSII, the model suggested the effects of state transition on

Table 1 Incident photon ratio of Arthrospira under different spectral
lights for FBA simulation

Light PBS PSI PSI Car PSI/PSIT*
Blue 0.022 0.072 0.060 0.846 3.72
Green 0.189 0.007 0.007 0.413 4.98
Yellow 0.371 0.094 0.093 0.002 3.09
Redl 0.635 0.206 0.138 0.002 5.68
Red2 0.042 0.465 0.491 0.001 2.74
White 0.328 0.185 0.124 0.315 3.52

The incident photon ratio was determined by combining the spectral
profile of LED lights and cellular pigments ratio (Fig. S1), which was
fit by the absorption spectra of the cell grown under each spectral
light (Akimoto et al. 2012)

PSI/PSII* shows the energy transfer ratio from PBS to PSI and PSII,
as previously described (Akimoto et al. 2013)

cell proliferation. In the previous study involving the Chla-
mydomonas model (Chang et al. 2011), a light-modeling
approach was implemented to allow the quantitative growth
prediction for a given light source, resolving wavelength
and photon flux. We also constructed a novel light-modeling
approach that enables quantitative growth prediction for a
given light source, considering the absorption spectra of cell
and photon flux. Furthermore, to perform FBA simulation
more practically, we constructed the model that allows repre-
sentation of the state of the photosynthetic apparatus, such as
the different energy distribution state from PBS to PSII and
PSI, in addition to providing an accurate description of the
stoichiometric formula of the components of photosynthetic
electron transport, such as NDH-1 and NDH-2.

Verification of updated model and FBA simulation
using experimental data

Using the refined model, FBA simulations under various
spectral light conditions were done. To calculate the photon
uptake fluxes into PSI and PSII from each light spectrum, the
experimental data of the photoacclimation of pigments and
the distribution ratio of PBS to PSI and PSII are required.
As these experimental data are available in Arthrospira,
initially, to verify the results of the FBA simulations of
Arthrospira using the refined genome-scale model, we com-
pared the specific growth rate obtained by the FBA simu-
lations with the growth data obtained by the experiments
in previous studies (Akimoto et al. 2012, 2013). In these
studies, the growth and absorption spectra of Arthrospira
cultured under the six input LED lights [white LED (White)
and five different single-color LEDs with following spectral
profiles: a single peak at 470 nm (Blue), 530 nm (Green),
590 nm (Yellow), 630 nm (Red1), and 680 nm (Red2)], were
measured. For FBA simulation of Arthrospira, the incident
photon ratio of PBS, PSII, PSI, and Car (Table 1) was set
by combining the data of the spectral profile of LED lights
(Akimoto et al. 2012) and the cellular pigments (chlorophyll,
phycocyanin, and carotenoid) ratio (Fig. S1) (Lichtenthaler
1987; Shen et al. 1993; Chen and Blankenship 2011; Aki-
moto et al. 2012; Collins et al. 2012; Ghosh et al. 2016; Ho
et al. 2017). We defined the photons of any wavelength being
as the same photons. Excited states resulting from absorp-
tion of blue photons are degraded within subpicoseconds to
the level of red photons due to the heat dissipation intramo-
lecularly before they are used for photosynthesis, although
the blue photons contain more energy than red photons due
to the Planck—Einstein relation (Bjorn et al. 2009).

The spectrum of each input light and absorption spec-
trum of the cells were calculated for Arthrospira. Relative
spectral overlaps for Blue, Green, Yellow, Red1, and White
lights to that for Red2 light were determined as 1.00, 0.616,
0.560, 0.981, and 0.952, respectively. Light absorption
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by Arthrospira at different wave length is summarized in
Table 1. The energy of photons absorbed by Car was not
used as an incident photon flux value in our FBA simulation
(R0044-R0048 in Table S1) because Car is a highly effec-
tive light-activated energy quencher, which diverts energy
away from both photosystems and switches the photosyn-
thetic outputs to heat in cyanobacteria (Mullineaux 2014;
Kirilovsky 2015; Kirilovsky and Kerfeld 2016; Sonani et al.
2018).

The flux distribution of the photosynthesis and metabolic
pathways of Arthrospira was simulated by FBA using an
objective function to maximize cell growth (Table S1) under
the different spectral lights. The photon incident rate of the
FBA simulation was normalized to 42.6 mmol gDW~! h™".
The values are adjusted so that the simulated cell growth
rate under yellow light condition is coincident with the
experimental data of the growth rate of Arthrospira cul-
ture, as shown in Fig. 2b. A value obtained by multiplying
the photon incident rate (42.6 mmol gDW~' h™!) and the
incident photon ratio in Table 1 was set as the flux of each
photon incident site [PBS, PSII, and PSI (R0039, R0041,
and R0043 in Table S1, respectively)]. To evaluate the simu-
lation performance, we plotted the correlation between the
estimated and experimental specific growth rates (Fig. 2).
In Fig. 2a, the cell absorption for each wavelength of light
was assumed to be uniform. The energy transfer ratio from
PBS to PSI and PSII was free. The simulation results of
specific growth rates under the Yellow and Red1 light con-
ditions, which were calculated as the same value as under
Red?2 light, were far from the experimental data. Figure 2b
shows the simulation results of the specific growth rate with
the data of the absorption spectra of cell suspensions and the
energy transfer ratio from PBS to PSI and PSII. The specific
growth rates predicted by our refined model revealed a good
agreement with the experimental data under the Blue, Green,
Yellow, Red1, and Red2 light conditions. Consequently, the
refined genome-scale metabolic model was demonstrated to
accurately simulate the specific growth rate under different
spectral light conditions by considering the detailed infor-
mation of photosynthesis pathways, absorbed photon energy
at different wavelength, and the PBS to PSI/PSII ratios.

Prediction of cell density of Synechocystis sp. PCC
6803 grown under different spectral light conditions

To apply the updated model to predict the growth of Syn-
echocystis sp. PCC 6803 under the different spectral light
conditions, cells were cultured using each LED (Fig. S2).
Data of the growth and absorption spectra of the cells grown
for 24 h under each spectral LED are presented in Fig. 3.
As the photosynthetic apparatus and metabolic systems of
Synechocystis and Arthrospira are not significantly differ-
ent, the same model structure and stoichiometric equations
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Fig.2 Comparison of the specific growth rate of Arthrospira between
FBA simulation and experimental results under different spectral
lights. The specific growth rates experimentally obtained in Akimoto
et al. (2012) were compared with the simulation result of our refined
model. Photon uptake rate was set to a specific value, in which the
specific growth rate is equivalent in the simulation and experimen-
tal results under Yellow. (a) The simulation with the flat shape of
absorption spectra of cell. The energy transfer ratio from PBS to PSI
and PSII is not considered. (b) The simulation with the data of inci-
dent photon ratio obtained from our experimental cellular absorption
spectra (Table 1) and the energy transfer ratio from PBS to PSI and
PSII (PSI/PSII* in Table 1) were set as the parameter

were used for simulation of both organisms (Yoshikawa et al.
2015). Absorption of different spectral lights of Synechocys-
tis was measured (Table 2). It was assumed that the energy
transfer ratio for the six wavelength lights was the same as
that obtained for Arthrospira and these values were used for
simulation under each color light condition. Absorption peak
of PBS (at 630 nm) under Yellow (a single peak at 590 nm)
and Red?2 (a single peak at 680 nm) lights was higher than
those of other color lights (Fig. 3b). An increase in the Chl
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Fig.3 Growth and cellular absorption spectra of Synechocystis sp.
PCC 6803 under different spectral lights. (a) Growth of cells under
six color LED lights (presented as Fig. S2) at a light intensity of
230 umol m~2 5!, (b) Absorption spectra of cell suspensions at 24 h.
The spectra are normalized to absorption at 678 nm. Each value rep-
resents the mean + S.D. of three independent experiments

contents of the cells grown under Blue (a single peak at 470
nm) and Green (a single peak at 530 nm) lights (Fig. S3) was
observed, which may have led to efficient photon absorp-
tion. Synechocystis sp. PCC 6803 was photoacclimatized
(Ho et al. 2017) for each of the six kinds of LED lights. The
cell growth at each wavelength was different, with slower
growth under the Blue and Green light conditions and faster
growth under the Yellow, Redl (a single peak at 630 nm),

Table 2 Incident photon ratio of Synechocystis under different spec-
tral lights for FBA simulation

Light PBS PSII PSI Car PSI/PSIT*
Blue 0.024 0.065 0.054 0.857 3.72
Green 0.257 0.006 0.005 0.407 4.98
Yellow 0.578 0.084 0.083 0.002 3.09
Redl 0.779 0.132 0.088 0.002 5.68
Red2 0.109 0.418 0.472 0.001 2.74
White 0.451 0.152 0.100 0.297 3.52

The incident photon ratio was determined by combining the spectral
profile of LED lights and cellular pigments ratio (Fig. S1), which was
fit by the absorption spectra of the cell grown under each spectral
light (Fig. 3b)

PSI/PSII* shows the energy transfer ratio from PBS to PSI and PSII,
as previously described (Akimoto et al. 2013)

Red2, and White light conditions. The dry cell weights of
Synechocystis under the six kinds of LED light were not
significantly different (Fig. S4). Biomass composition might
be different under different spectral light conditions, but pre-
diction performance was not seriously influenced.

Since the cell growth rates decreased late during culture
under all the color condition, the shielding effect of the light
was presumed to be important to represent the time courses
of cell growth. To evaluate the shielding effect on the cells,
we plotted the correlation between the specific growth rates
and the optical density at 730 nm (OD,3,) (Fig. S5). It was
considered that the shielding effects using light with dif-
ferent spectra were similar, and they were represented as
the same negative straight line. The negative effect of pho-
ton irradiation shielding was determined as the slope of the
straight line (Fig. S5) and used for simulation of OD55,,. The
OD5;, values of the culture grown under the six LED light
types at 24, 48, 72, and 96 h were calculated using the simu-
lated specific growth rates by FBA. The photon incident rate
of FBA simulation was set to 78 mmol gDW~!' h™!. The
values are adjusted so that the simulated cell growth rate
under yellow light condition is coincident with the experi-
mental data of the growth rate of Synechocystis culture, as
shown in Fig. 4a. A value obtained by multiplying the pho-
ton incident rate (78 mmol gDW~! h™!) and the incident
photon ratio of Table 2 was set as the flux of each pho-
ton incident site [PBS, PSII, and PSI (R0039, R0041, and
R0043 in Table S1, respectively)]. We plotted the correlation
between the estimated and experimental OD-5, (Figs. 4a,
S6). The OD;, estimated by our refined model had good
agreement with the experimental data under Blue, Green,
Yellow, Red1, and White lights. The correlation between the
estimated and experimental photosynthetic oxygen evolution
rate at 24 h (Fig. S7) is presented in Fig. 4b. Experimental
data of oxygen evolution were also efficiently predicted by
simulation in case of Blue, Green, Yellow, Red1, and White
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Fig.4 Comparison of the growth and photosynthetic activity of Syn-
echocystis between FBA simulation and experimental results under
different spectral lights. The OD-5, experimentally obtained in Fig. 3a
was compared with the simulation result of our refined model. Photon
uptake rate was set to a specific value, in which the specific growth
rate is equivalent in the simulation and experimental results under
Yellow in simulation. (a) We plotted the correlation between the esti-
mated and experimental OD5, at 24 h. (b) The photosynthetic oxy-
gen evolution rates were experimentally obtained at 24 h (Fig. S7).
Each experimental value represents the mean + S.D. of three inde-
pendent experiments. Color in each circle indicates the type of light
source (see Fig. 2)

lights. The model successfully predicted the flux distribu-
tion of photosynthesis of Synechocystis under Blue, Green,
Yellow, Red1, and White light conditions. It was confirmed
that the PBS to PSI/PSII ratios of Arthrospira were the same
as those for simulating Synechocystis, except for Red2. The
latter simulation results did not agree with the experimental
data. Since the model for Arthrospira can predict cell growth
under the Red2 condition, presumably the PBS to PSI/PSII
ratios of Synechocystis under Red?2 light are different from

@ Springer

those of Arthrospira. In fact, even closely related species,
such as Synechococcus elongates PCC 7942 and UTEX 2973
(Ungerer et al. 2018), have significantly different PSI/PSII
stoichiometric ratios. During simulation of Synechocystis
under Red? light, the flux of proton transport into the thyla-
koid lumen increases by NDH-1; however, the actual activity
of NDH-1 may not be dominant in Synechocystis. On the
other hand, in the actual cells grown under the Red2 light
condition, the use of ATP in central metabolism may not
increase due to limitations, such as the activity of RuBisCo.

Prediction of selective use of photosynthetic
electron transport system depending on PSI
and PSII excitation ratio

Simulations by the refined model were done to provide
visual information of photosynthetic systems. A schematic
image of photon and electron fluxes in the photosynthetic
apparatus of Synechocystis under the five different LED light
conditions is presented in Fig. 5. As the data for cell growth
simulation under Red2 light did not agree with the experi-
mental data, the simulation results during photosynthesis
under Red?2 are not presented in the figure. Yellow, blue, and
pink arrows indicate the incident photon, electron transfer,
and proton pump fluxes, respectively. The line width of the
arrows indicates their flux rate. Summation of proton pump
fluxes under Red1 provides the maximum value among the
investigated conditions, and consequently, highest ATP gen-
eration and cell growth are obtained.

Under Blue light, 85% of the photons were absorbed
in Car (Table 2), and the photon energy was discarded as
heat (Fig. 5a). Therefore, minimum ATP synthesis and
cell growth was obtained. Under Green, Yellow, Red1 and
White lights, both NDH-1 and NDH-2 were used as CET
(Fig. 5b—e). Energy of the absorbed photon by PBS was
transferred to the chlorophyll of PSII and PSI (P680 and
P700, respectively) with the ratio shown in Table 2. More
photons were absorbed by the Chl in PSII and PSI under the
Red1 condition that under the Green, Yellow, and White
light conditions. The total electron flux under the Redl
condition was larger than that under the Green, Yellow and
White conditions. The total proton pump flux and the cell
growth under the Red1 light condition were greater than
those under the Green and Yellow light conditions. Under
the White light conditions, the balance of ATP synthesis
and NADPH synthesis was more suitable than Red1 light
condition, which caused that cell growth was equivalent to
that of the Red1 light condition.

To understand the role of the PSI/PSII excitation ratio
in photosynthesis, the photosynthetic electron transport
flux was simulated. The relationship between the PSI/PSII
excitation ratio and fluxes in the photosynthetic pathways
is depicted in Fig. 6. In the case of PSII, the incident flux
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Fig.5 Scheme of flux of photon and photosynthetic electron flow
obtained by FBA simulation under different spectral lights. The fluxes
of electron flow were simulated with the PBS to PSI/PSII ratios. a

was larger than PST (PSI/PSII excitation ratio < 0.88, Phase
1 in Fig. 6). Cyd maintained the balance of PSII and PSI
fluxes by uptake of the electron flux from PSII from PQ
(R0037 in Table S1), because the Cyd does not transport
the proton into thylakoid lumen. In this phase, Cox also
maintains the electron balance of PSII and PSI fluxes as the
PSI ratio increases (R0O031 in Table S1). Since the Cox flux
is enhanced with increasing PSI/PSII excitation ratio, ATP
synthesis (R048 in Table S1) is elevated with the transfer
of protons (pump) from the cytosol to the thylakoid lumen.
In addition, as the photosynthetic NADPH synthesis flux
by ferredoxin: NADP™ reductase (FNR) (photosynthetic
NADPH synthesis) is proportional to PSI incident flux, the
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specific growth rate increases in proportion to the flux of
NADPH synthesis (R543 in Table S1).

In Phase 2 in Fig. 6 (0.88 <PSI/PSII excitation ratio
< 1.35), the specific growth rate attained the maximum value
by taking the optimal ATP/NADPH synthesis ratio via pho-
tosynthesis. The optimal ATP/NADPH synthesis ratio of
photosynthesis was calculated as 2.51. Proportional to the
increase in the PSI/PSII excitation ratio and electron transfer
from Pc to PSI (R0023 in Table S1), the flux from Pc to Cox
(RO031 in Table S1) decreased to satisfy the balance of elec-
tron at Pc. Stoichiometric constraint in the linear electron
transfer in PSI requires equivalent electron flux from Pc to
the flux through PST (R0024-R0028 in Table S1). Maximum
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Fig.6 Relationship between the metabolic and incident flux ratio of
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with the constant total incident flux are presented. Filled areas are
variable fluxes.

ATP synthesis is maintained by increasing the NDH-1 flux
until Cox flux becomes zero. The photosynthetic NADPH
synthesis flux (R543 in Table S1) was remained constant in
this phase due to the increased PSI flux, while the flux of
NDH-1 increased (R0033 in Table S1).
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When the incident flux of PSI became higher than that
of PSII (1.35 < PSI/PSII excitation ratio, Phase 3 in Fig. 6),
the Cox flux became zero, and NDH-1 (R0033 in Table S1)
and NDH-2 (R0035 in Table S1) transferred excess elec-
trons from PSI to the PQ pool. In this phase, the specific
growth rate decreased because photosynthetic NADPH or
ATP synthesis decreased. NDH-1 and NDH-2 do not have
a unique flux solution; thus, the possible range of these
fluxes is presented as the shaded area in the figure. In the
case of increased photosynthetic ATP synthesis flux using
NDH-1, the photosynthetic NADPH synthesis decreased
correspondingly (Case 1). However, previous results of 1*C
metabolic flux analysis ('*C-MFA) indicated small fluxes
of the TCA cycle and that Case 1 would not occur (Naka-
jima et al. 2017). In contrast, NDH-2 does not transport the
proton from the cytosol into the thylakoid lumen and ATP
is not synthesized in photosynthesis. In this case, the photo-
synthetic NADPH synthesis increased dramatically. How-
ever, all of the increased flux was used for NDH-2 (R0035
in Table S1) through transhydrogenase (R052 in Table S1),
and electron transfer was not effectively used for cell growth
(Case 2). The Green, Yellow, Redl, and White light condi-
tions are in Phase 3. The schematic image in Fig. 5 was
drawn using the solutions with the largest values of NDH-2
because a large TCA cycle flux was not observed experimen-
tally under these spectral conditions.

These simulation results indicate that the specific growth
rate was maintained at the maximum value when the PSI/
PSII excitation ratio ranged from 0.88 to 1.35 by adaptive
selective use of electron transfer pathways. These results
are consistent with the experimental results in previous
studies, in which PSI/PSII stoichiometric ratio was main-
tained at an approximate value of one under light spectrum
preferentially absorbed by Chl. This ratio was higher under
the light absorbed by PBS (Kawamura et al. 1979; Myers
et al. 1980), and the excessive PSI excitation prevented cell
growth (Hihara et al. 1998; Fujimori et al. 2005). The simu-
lated optimal value of the ATP/NADPH synthesis ratio of
photosynthesis was 2.51 in this phase. This value is similar
to the experimentally estimated ratio of the ATP/NADPH
demand (ATP/NADPH =2.94) based on the '*C-MFA
(Nakajima et al. 2017).

Additionally, simulation indicated that respiration by
Cyd and Cox, and CET by NDH-1 and NDH-2 can act to
maintain the flux balance of PSII and PSI, depending on
light conditions. FBA simulations of Cyd, Cox, NDH-
1, and NDH-2 deletion revealed that Cyd and Cox can
functionally complement each other, as well as NDH-1
and NDH-2 (Fig. S8). This is consistent with previous
findings indicating little if any effect on growth or viabil-
ity as a result of the Cox or Cyd single deletion (Howitt
and Vermaas 1998; Pils and Schmetterer 2001; Nomura
et al. 2006). The stoichiometric simulation results also
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suggested that the functions of NDH-1 and NDH-2
depend on the PSI/PSII excitation ratio. In support of this
simulation result, previous experimental results indicated
that NDH-1 acts functionally as the major CET route into
the PQ pool and that NDH-2 hardly contributes to CET
under White light condition (Howitt et al. 1999; Bernat
et al. 2011; Peltier et al. 2016; Huokko et al. 2017). This
switching from use of NDH-1 to NDH-2 might be con-
trolled by a molecular regulatory mechanism.

FBA simulation using our refined model predicted the
PSI/PSII excitation and the flux state of photosynthetic
electron transport under various light conditions and
indicated the optimal PSI/PSII excitation ratio for cell
growth. The effect of ratio of PSI/PSII electron transfer
on the ATP/NADPH synthesis under different light inten-
sity conditions has been analyzed using FBA (Qian et al.
2017). The authors reported that the ATP/NADPH ratio
and PSI/PSII electron transport was almost constant in
the wide range of light intensity condition with red light.
In our experimental and simulation results, the PSI/PSII
excitation ratio depended on the spectrum of light.

Using this simulation, we obtained data that were
valuable for optimizing the growth of cyanobacteria by
developing light environment and genetic manipulation,
leading to biomass production. For example, cell growth
under the Red1 light condition was best of the investi-
gated light condition. However, the Phase 3 state under
Red]1 light was not optimal for cell growth (Fig. 6). This
shows the state of photosynthetic apparatus in which
photoprotection is occurred. The value of energy trans-
fer from PBS to PSI was high (5.68) under Red1 light
(Table 2). It has been reported that higher plants, Chla-
mydomonas, and cyanobacteria acclimate and adapt to the
changing light conditions by controlling the energy trans-
fer between both PSs (spill-over), the energy distribution
from PBS to PSI/PSII (state transition), and the pigments
composition (Akimoto et al. 2012, 2013; Dall’Osto et al.
2015; Yokono et al. 2015; Ho et al. 2017; Duanmu et al.
2017). One possible genetic improvement strategy to
increase the ATP generation and cell growth is to reduce
the state change of the pigment composition by modifica-
tion of signal transduction system of the cells by carefully
considering the robustness against photoinhibition. Opti-
mization of both increased cell growth and robustness
against photoinhibition should be considered to create
useful strains as biomass and valuable producing strains.
Another operational strategy is to control the color or
intensity of lights to irradiate the cells in the photobio-
reactor system. It is possible to optimize the spectrum
and intensity using simulation data. These rational design
methods of photosynthetic organisms and photobioreac-
tors will be realized in the future.

Conclusions

We established the Synechocystis sp. PCC 6803 genome-
scale model that refined the photosynthetic reaction and
allowed an accurate prediction of the specific growth rate
of the cells grown under various spectral lights using PBS
to PSI/PSII ratios of Arthrospira and Synechocystis. FBA
simulation with our refined model revealed the selective
flow of photosynthetic electron transport, the NDH-1 and
NDH-2 functions, depending on PSI/PSII excitation ratio,
and the most efficient condition of photosynthesis under
different spectral lights. The obtained results provide new
insight into cyanobacterial photosynthesis and useful
information to create appropriate photosynthetic systems
under various light environmental conditions.
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