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Abstract
Following the principle of oxygenic photosynthesis, electron transport in the thylakoid membranes (i.e., light reaction) gen-
erates ATP and NADPH from light energy, which is subsequently utilized for CO2 fixation in the Calvin-Benson-Bassham 
cycle (i.e., dark reaction). However, light and dark reactions could discord when an alternative electron flow occurs with a 
rate comparable to the linear electron flow. Here, we quantitatively monitored O2 and total dissolved inorganic carbon (DIC) 
during photosynthesis in the pennate diatom Phaeodactylum tricornutum, and found that evolved O2 was larger than the 
consumption of DIC, which was consistent with 14CO2 measurements in literature. In our measurements, the stoichiometry 
of O2 evolution to DIC consumption was always around 1.5 during photosynthesis at different DIC concentrations. The 
same stoichiometry was observed in the cells grown under different CO2 concentrations and nitrogen sources except for the 
nitrogen-starved cells showing O2 evolution 2.5 times larger than DIC consumption. An inhibitor to nitrogen assimilation did 
not affect the extra O2 evolution. Further, the same physiological phenomenon was observed in the centric diatom Thalas-
siosira pseudonana. Based on the present dataset, we propose that the marine diatoms possess the metabolic pathway(s) 
functioning as the O2-independent electron sink under steady state photosynthesis that reaches nearly half of electron flux 
of the Calvin-Benson-Bassham cycle.
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Introduction

Oxygenic photosynthesis is the most important biologi-
cal reaction for primary production on earth, and occurs 
at almost equal amount on land and under water (Field 
et al. 1998). The fundamental principle of oxygenic photo-
synthesis had been uncovered mainly in the isolated chlo-
roplasts and intact leaves of plants, giving the common 
knowledge of the coupling of light and dark reactions of 
photosynthesis (Bishop 1971; Farquhar et al. 1980). Light 
energy absorbed by photosystems I (PSI) and II (PSII) in 
the thylakoid membranes causes charge separation at the 
reaction-center chlorophylls, P700 in PSI and P680 in PSII, 
that drives the photosynthetic linear electron transport from 
H2O on the donor side of PSII to the acceptor side of PSI 

via the interchain components, including plastoquinone, 
cytochrome b6f complex, and plastocyanin (or cytochrome 
c6). At the electron acceptor side of PSI, NADP+ is reduced 
to NADPH with electrons from PSI via ferredoxin (Fd) and 
Fd-NADP+ reductase. In these processes, the stromal proton 
is pumped into the luminal side of thylakoid membranes, 
resulting in a formation of proton gradient (ΔpH) across the 
thylakoid membranes, which provides the driving force for 
ATP production by ATP synthases in the thylakoid mem-
branes. Generated ATP and NADPH are utilized for CO2 
reduction processes in the Calvin-Benson-Bassham (CBB) 
cycle. Although there is still a debate on the optimum ATP/
NADPH requirement and on how it is modulated, it is widely 
accepted that photosynthetic electron transport and the CBB 
cycle is coupled as reflected in O2 evolution and CO2 con-
sumption in the light.

Beside the CBB cycle, photosynthetic organisms harbor 
metabolic pathways that consumes NADPH (or reducing 
equivalents) generated by photosynthetic electron transport, 
which is so-called the alternative electron sink (AES). With 
a capacity comparable to the electron flow to the CBB cycle 
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(Helman et al. 2003; Allahverdiyeva et al. 2013; Shimakawa 
et al. 2015), AES causes a discordance of the photosynthetic 
stoichiometry between O2 evolution in PSII and CO2 fixation 
in the CBB cycle. For example, in cyanobacteria and green 
algae, flavodiiron proteins (Flv) mediate O2 photoreduction 
with reduced Fd as the electron donor at a comparable flux to 
the CBB cycle (Helman et al. 2003; Chaux et al. 2017; Sétif 
et al. 2020), which maintains the electron transport activity 
even without CO2 fixation to dissipate excess light energy 
(Allahverdiyeva et al. 2013). Additionally, AES can modu-
late the production ratio of ATP (or ΔpH) to NADPH (or 
reducing equivalents) (Hasunuma et al. 2014; Burlacot et al. 
2018). In the green alga Chlamydomonas reinhardtii, thyla-
koid lumen acidification is required also for the dehydration 
of HCO3

− to CO2 by the α-type carbonic anhydrase (CA) in 
the thylakoid lumen to provide CO2 for Rubisco in the pyr-
enoid during the process of biophysical CO2-concentrating 
mechanism (CCM; Moroney and Ynalvez 2007; Mukherjee 
et al. 2019; He et al. 2023), which is energetically supported 
by Flv-mediated O2 photoreduction and cyclic electron flow 
around PSI (Burlacot et al. 2022). These facts imply that an 
AES is commonly required to convert HCO3

− to CO2 for 
photosynthesis in microalgae harboring the pyrenoid-based 
CCM.

Marine diatoms are responsible for up to a half of ocean 
primary production (Falkowski et  al. 1998; Field et  al. 
1998). This large proportion is due in part to the high effi-
ciency of CO2 fixation driven by the operation of CCM. In 
spite of low dissolved CO2 concentration (at most 10 µM 
under current atmosphere at 25°C) further hindered by high 
pH/salinity and 104 times lower gas diffusion efficiency, 
the size of HCO3

− pool is significantly large (ca. 2 mM) 
in marine environments (Raven 1997). Therefore, marine 
diatoms have evolved the CCM to efficiently utilize external 
HCO3

− for photosynthesis. In the pennate species Phaeodac-
tylum tricornutum, several CCM components have already 
been characterized (Matsuda et al. 2017). Solute carrier 
4 type Na+-dependent HCO3

− transporters on the plasma 
membrane actively take up HCO3

− from seawater (Nakajima 
et al. 2013; Nawaly et al. 2022) most probably utilizing light 
energy. The θ-type CA, Ptθ-CA1, localized in the lumen of 
the pyrenoid-penetrating thylakoid membranes dehydrates 
HCO3

− to CO2 within the luminal proton, which is the domi-
nant flux of CO2 supply to Rubisco in this diatom (Kikutani 
et al. 2016; Shimakawa et al. 2023). To drive these mecha-
nisms in the CCM, the additional ΔpH should be required 
in P. tricornutum and it is possibly supported by AES as 
it is also observed in C. reinhardtii (Burlacot et al. 2022) 
because AES can enhance the production ratio of ATP (or 
ΔpH) to NADPH (or reducing equivalents) (Hasunuma et al. 
2014; Burlacot et al. 2018). However, we could observe lit-
tle O2-dependent AES in P. tricornutum (Shimakawa et al. 
2017), which is consistent with the lack of Flv in diatoms.

Previously, we analyzed the redox state of P700 during 
the illumination with a short-saturation pulse to investigate 
the molecular mechanisms of AES in a variety of photosyn-
thetic organisms (Shimakawa et al. 2019). In cyanobacteria, 
green algae, and basal land plants, P700 was kept oxidized 
during the short flash even if the cells were adapted to the 
darkness, which is owing to the O2-dependent AES medi-
ated by Flv (Shimakawa and Miyake 2018; Shimakawa et al. 
2019). Meanwhile, the diatom P. tricornutum showed P700 
oxidation even in the absence of O2 (Shimakawa et al. 2019), 
implying that P. tricornutum develops the AES with an alter-
native electron acceptor other than O2 (hereafter it is termed 
as “O2-independent AES”).

Theoretically, the O2-independent AES can function in 
generating the additional ΔpH for the CO2-evolving machin-
ery in the CCM of diatoms if it has the capacity compara-
ble to the CBB cycle. In this case, an O2-independent AES 
should result the O2 evolution larger than CO2 consumption 
by molar ratio in diatom cells. Indeed, the stoichiometri-
cally excess O2 evolution has been observed in literatures 
mainly with 14CO2 measurements (Buesa 1980; Williams 
and Robertson 1991; Halsey et al. 2013). The so-called 
“photosynthetic quotient” defined as the ratio of O2 evolu-
tion to CO2 fixation has been evaluated in a variety of micro-
algae, ranging approximately 1.0 − 2.0 dependent on species 
and increasing ~ 7.0 in a specific growth condition such as 
nitrogen deprivation (Halsey and Jones 2015; Rehder et al. 
2023; and also see the latest review Trentman et al. 2023). 
These experimental facts imply that marine diatoms have a 
large capacity of O2-independent AES comparable to that 
of the CBB cycle. Although the extra O2 evolution in algal 
photosynthesis has been well recognized as a physiological 
phenomenon, the molecular mechanism is still unclear. In 
the present study, we simultaneously analyzed O2 and dis-
solved inorganic carbon (DIC) during photosynthesis of P. 
tricornutum at different DIC concentrations to extend the 
knowledges on the physiological functions and molecular 
mechanism of the O2-independent AES in marine diatoms.

Results and discussion

To evaluate the in vivo capacity of O2-independent AES, 
we simultaneously measured net O2 evolution and DIC con-
sumption. The P. tricornutum cells were cultured under 1% 
CO2 (high CO2, HC), where most of CCM components are 
suppressed (Ohno et al. 2011; Nakajima et al. 2013) except 
for Ptθ-CA1 and the CO2-evolving machinery in the pyr-
enoid-penetrating thylakoid membranes (Shimakawa et al. 
2023), and air-level CO2 (low CO2, LC). At the logarithmic 
growth phase, the cells were harvested and resuspended in a 
DIC-free artificial seawater. Subsequently, photosynthetic O2 
evolution was measured via an O2 electrode. In the reaction 
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chamber, the diatom cells were illuminated with a white 
actinic light under N2 gas bubbled to consume DIC from the 
cell mixture. During the measurement, 5 µL of aliquots of 
the cell suspension was taken from the O2 electrode chamber 
and injected into a GC-FID at each time point to determine 
the concentration of total DIC ([DIC]) in the culture (black 
circles in Fig. 1A and B). With the decrease in [DIC], the 
increase of the O2 concentration ([O2] as indicated by blue 
lines in Fig. 1A and B) was slowed down to reach a CO2 
compensation point (Fig. 1A). In LC-grown cells, total DIC 
was once almost completely removed from the cell mix-
ture to allow the cells to reach the CO2 compensation point 
where no O2 evolution was detected. Thereafter, NaHCO3 
was added to the cell mixture at 150 µM of the final con-
centration (at the time zero in Fig. 1B), which stimulated 
photosynthetic CO2 assimilation that finally reached a CO2 
compensation point again due to a deprivation of DIC (in 
approximately 10 min, Fig. 1B). Net O2 evolution rate was 
calculated from the trace of [O2] at each time point where 
[DIC] was determined, indicating that the LC-grown cells 
showed the higher photosynthetic affinity with DIC than the 
HC-grown cells (Fig. 1C) due to the expression of CCM 
components as already reported in literature (e.g., Ohno 
et al. 2012). There is a dip of net O2 evolution rate around 
150 µM [DIC] in the LC-grown cells (Fig. 1C), because the 
photosynthesis was not fully activated at that time just after 
the DIC addition (Fig. 1B). Here, we note that the HC- and 
LC-grown cells mainly showed a CO2-limited and -saturated 
photosynthesis in the range of [DIC] below 150 µM, respec-
tively (Fig. 1C).

In this study, we found that the proportional increase in 
[O2] always exceeded the decrease in [DIC]. We denoted 
the difference between [O2] increase versus [DIC] consump-
tion as “Δ[O2] – Δ[DIC]” (Fig. 1A and B, red triangles). 
In both HC- and LC-grown cells, the ratio of net O2 evo-
lution to net amount of DIC consumption was about 1.5. 
More interestingly, the increase in Δ[O2] – Δ[DIC] showed 
a proportional relationship to the increase in [O2] within 
the [DIC] range < 150 µM in both HC- and LC-grown cells 
(Fig. 1A and B, red triangles versus blue lines), suggesting 
that P. tricornutum showed the extra O2 evolution coupled 
with CO2 fixation in the CBB cycle in both CO2-limited 
and -saturated photosynthesis. In principle, our measure-
ment analyzed the same phenomenon identified by previous 
studies (Buesa 1980; Williams and Robertson 1991; Halsey 
et al. 2013) in the different way.

An internal storage of DIC (or organic compounds) might 
be one explanation for the extra O2 evolution observed in P. 
tricornutum during photosynthesis because it can drive the 
CBB cycle and the related electron transport giving O2 evo-
lution in the absence of DIC added. To test this possibility, 
we estimated the pool size of the hypothetical carbon stor-
age by four-times repeating the same experiment of Fig. 1B 

in LC-grown cells. During four rounds, the P. tricornutum 
cells repeatedly showed the O2 evolution 1.5 times larger 
than the added DIC at a molar ratio, resulting in the total 
900 µM O2 (Fig. 2). This corresponds to 300 µM of CO2 
storage if we assume a tight coupling of photosynthetic light 
and dark reactions. Considering that the reaction mixture 
contained the diatom cells at 10 µg chlorophyll a mL−1, 
the DIC pool size was estimated to be more than 30 µmol 
mg−1 chlorophyll a, which was within the range of the pool 
size of prefixed malate in a crassulacean acid metabolism 
(CAM) plant (ca. 150 µmol mg−1 total chlorophyll; Keeley 
and Busch 1984). Overall, it is possible that the extra O2 
evolution in P. tricornutum ascribed to a biochemical DIC 
storage if the diatom develops an extremely huge carbon 
pool like CAM plants.

As another possibility, AES that does not consume O2 
leads to the larger O2 evolution than DIC consumption in 
P. tricornutum. In this study, we sought to further investi-
gate the molecular mechanism of the O2-independent AES 
by measuring the ratio of O2 evolution to DIC consump-
tion (Δ[O2]/Δ[DIC], nearly corresponding to photosyn-
thetic quotient) in a variety of physiological conditions. 
In literature so far, several metabolic pathways have been 
proposed as the electron sink, including nitrogen assimila-
tion and the biosynthesis of lipids, amino acids, and vola-
tile organic compounds such as dimethyl sulfide (Halsey 
and Jones 2015). Further, Halsey and co-workers proposed 
that glyceraldehyde 3-phosphate (GAP) in the CBB cycle 
is metabolized in the oxidative pentose phosphate (OPP) 
pathway to recover NADPH and CO2, which can result in 
the extra net O2 evolution if the regenerated NADPH is not 
used as the electron donor for O2-reducing metabolisms. 
Among these candidates, nitrogen assimilatory reactions are 
one plausible candidate for the molecular mechanism of the 
large O2-independent AES (Weger and Turpin 1989; Laws 
1991; Lomas et al. 2000), including nitrate/nitrite reductions 
and glutamate synthesis, catalyzed by nitrate (and nitrite) 
reductases and glutamine oxoglutarate aminotransferase 
(GOGAT) respectively, both of which require reduced Fd 
(or its reducing equivalents) as the electron donor. Here, we 
measured Δ[O2]/Δ[DIC] in the P. tricornutum cells grown 
with NH4Cl as the nitrogen source, instead of NaNO3, and 
additionally in the presence of ʟ-methionine sulfoximine that 
is an inhibitor to glutamine synthetase (Zehr and Falkowski 
1988). Finally, we could not obtain any evidence that nitro-
gen assimilation functions as an electron sink coupling 
with photosynthetic electron transport in P. tricornutum 
(Fig. 3). The Δ[O2]/Δ[DIC] ratio increased to about 2.5 
in the cells cultured under nitrogen starvation for 2 days 
(Fig. 3), which was consistent with literature (Halsey and 
Jones 2015). In the nitrogen-starved cells, the maximum 
net O2 evolution rate decreased to approximately 68.3 ± 1.0 
µmol (mg chlorophyll a)−1 h−1 (n = 3, biological replicates), 
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Fig. 1   O2 evolution and 
dissolved inorganic carbon 
(DIC) consumption in the 
photosynthesis of Phaeodac-
tylum tricornutum. A, B The 
increase in [O2] (blue lines) and 
the decrease in [DIC] (black 
circles) by photosynthesis of 
the cells grown under 1% (HC; 
A) and air-level CO2 (LC; 
B). The difference between 
O2 evolution and DIC con-
sumption was calculated as 
“Δ[O2] − Δ[DIC]” as shown in 
red triangles. For the meas-
urements in LC-grown cells, 
150 µM of NaHCO3 was added 
at the time zero after the cells 
reached a CO2-compensation 
point (see the text for details). 
C Dependency of net photo-
synthetic O2 evolution rate on 
[DIC] calculated from Fig. 1A 
and B. Representative data of 
independent experiments (HC: 
n = 3; LC: n = 5) are shown, 
and the data of each two more 
replicates are shown in Sup-
plementary Fig. S1
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which corresponds to about 40% of that in non-starved cells. 
These facts suggested that the CBB cycle was depressed 
under nitrogen starvation approximately 3 times severely 
than the metabolism(s) related to the O2-independent AES. 
We further tested the possibility that a metabolism related 
to lipid biosynthesis functions as the electron sink in the 
presence of cerulenin, an inhibitor to ketoacyl-ACP syn-
thase. But the result was again negative (Fig. 3). Finally, 
we observed the same ratio of Δ[O2]/Δ[DIC] in the centric 
diatom Thalassiosira pseudonana (Fig. 3), which suggested 
that the O2-independent AES commonly functions in marine 
diatoms at the similar flux.

Conclusion

In this study, we quantitatively evaluated the extra O2 evolu-
tion in marine diatoms by the simultaneous measurements of 
[O2] and [DIC] in the cell suspensions during photosynthe-
sis. Our measurements revisited the physiological phenom-
enon showing larger O2 evolution than DIC consumption, 
which was previously observed in a variety of microalgae, 
including cyanobacteria, green algae, and secondary algae 
(Buesa 1980; Williams and Robertson 1991; Halsey et al. 
2013). This phenomenon is, in principle, derived from 
metabolism(s) utilizing reductants generated in the photo-
synthetic electron transport system without consuming O2. 
Most strikingly, the electron flux giving the extra O2 evolu-
tion was estimated to be a half of that for CO2 fixation in the 

CBB cycle in P. tricornutum and T. pseudonana (Figs. 1, 
2, 3). The large AES capacity would sufficiently support 
the lumen acidification for the dehydration of HCO3

− in 
the pyrenoid-penetrating thylakoid membranes in marine 
diatoms. Previously, we found that P. tricornutum can keep 
P700 oxidized in response to a saturation flash even in the 
absence of O2 (Shimakawa et al. 2019), which agrees with 
the O2-independent AES observed in this study.

Here, we extended the understandings for the molecular 
mechanism of the O2-independent AES in marine diatoms. 
First, net O2 evolution rate clearly shows a proportional rela-
tionship with relative electron transport rate at PSII through 
the intercept at almost zero at various light intensities in a 
CO2-saturated condition (Shimakawa et al. 2017). Second, 
net O2 evolution was not observed at the CO2-compensation 
point (Fig. 1). Finally, the increase of Δ[O2] – Δ[DIC] was 

Fig. 2   Intermittent induction of photosynthesis by the additions of 
dissolved inorganic carbon (DIC) in Phaeodactylum tricornutum 
grown under air-level CO2. 150  µM of NaHCO3 was added to the 
reaction mixture at each time as indicated by arrows. Before the DIC 
additions, the mixture was bubbled with N2 gas to avoid the [O2] sig-
nal to go beyond a detection limit of the electrode. Representative 
data of three independent experiments are shown

Fig. 3   Ratio of net O2 evolution to the consumption of dissolved 
inorganic carbon (DIC), termed as Δ[O2]/Δ[DIC], in Phaeodactylum 
tricornutum and Thalassiosira pseudonana. The diatom cells were 
grown under 1% (HC) and air-level CO2 (LC) in different nitrogen 
conditions: NO3

−, 0.88 mM nitrate; NH4
+, 0.88 mM ammonium. The 

nitrogen-starved cells (Nfree) were prepared from the NH4
+-cells after 

2  days culture without nitrogen source. For the measurements, 150 
µM of NaHCO3 was added to the cells at the CO2 compensation point 
as in Fig.  1A and B. Methionine sulfoximine (MSX) and cerulenin 
(Cer) were added at 10 mM and 100 µM of the final concentrations, 
respectively. Data are shown as the mean with the standard deviation 
of 3–5 independent experiments. Asterisk shows the significant dif-
ference from the value of LC/ NO3

− by Student’s t test (p < 0.05)
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proportional to the decrease of [DIC] (Fig. 1). These facts 
suggest that the electron flux to the O2-independent AES is 
tightly associated with the CBB cycle. Based on this point, 
it is plausible that the OPP pathway regenerates NADPH 
and CO2 coupled with the CBB cycle via the intermediate 
GAP (Halsey et al. 2011, 2013). Since the OPP pathway 
in P. tricornutum is restricted in the cytosol (Gruber et al. 
2009), the proposed co-operation of the CBB cycle with the 
OPP pathway functions as a redox shuttle system between 
chloroplasts and the cytosol (Behrenfeld et al. 2004; Bailleul 
et al. 2015), which can be supported by triose-phosphate/
phosphate translocators (Moog et al. 2015). We note that 
this system is responsible for the extra O2 evolution only 
when the regenerated NADPH in the OPP pathway does not 
function as the electron donor for O2-consuming metabo-
lisms such as mitochondrial respiration. Importantly, the 
final electron acceptor(s) in the cytosol are still unclear. The 
present results suggest that nitrogen assimilation, includ-
ing the processes catalyzed by nitrate/nitrite reductase and 
GOGAT, was not likely to contribute to the O2-independent 
AES. Meanwhile, we could not exclude lipid biosynthesis as 
the candidate of O2-independent AES because not all elec-
tron-consuming processes seem to be inhibited in the pres-
ence of cerulenin in marine diatoms (Suhaimi et al. 2022). 
In the chloroplasts of P. tricornutum, an ornithine cycle 
might function as the AES (Smith et al. 2016). Although the 
molecular mechanism of the O2-independent AES remains 
to be studied by genetic-engineering techniques in the future, 
ultimately fully unknown proteins may be responsible for the 
AES observed in this study.

Materials and methods

Cultures

The marine pennate diatom P. tricornutum (UTEX642) and 
the centric diatom T. pseudonana (Hustedt) Hasle et Heim-
dal (CCMP 1335) were axenically and photoautotrophically 
cultured in the artificial seawater medium with the addition 
of 0.31% half-strength Guillard’s ‘F’ solution (Guillard and 
Ryther 1962; Guillard 1975) under continuous light (20 °C, 
40 μmol photons m−2 s−1, fluorescent lamp) in flasks gently 
bubbled with ambient air or 1% (v/v) CO2 supplemented air. 
For the growth in different nitrogen conditions, the pre-cul-
tured cells in the NO3

− medium were centrifugally washed 
twice in fresh NO3

− or NH4
+ media, and then inoculated to 

each medium, respectively. After 3 − 4 days culture, the cells 
at the logarithmic growth phase were used for experiments. 
For the preparation of nitrogen-starved cells, the 3-days cul-
ture in the NH4

+ medium (early logarithmic growth phase) 
was inoculated to the nitrogen-free medium, and then cul-
tured for 2 days.

Photosynthesis measurement

The centrifugally harvested diatom cells were resuspended 
in a DIC-free F/2 artificial sea water (pH 8.15) freshly 
prepared. The reaction medium contained the cells at 
5 − 20 µg chlorophyll a mL−1, and the exact chlorophyll 
concentration was determined in 100% (v/v) methanol 
after the photosynthesis measurements (Jeffrey and Haxo 
1968). Net O2 evolution was measured by an O2 electrode 
(Hansatech, King’s Lynn, U.K.), total DIC concentration 
was simultaneously determined by GC-FID (GC-8A, Shi-
madzu, Kyoto, Japan; Shimakawa et al. 2023). The freshly 
prepared artificial seawater contained 10 mM Tris–HCl, 
and the pH was not affected by the addition of 150 µM 
NaHCO3.
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