
1SCIEnTIfIC RePoRTS | 7: 12513  | DOI:10.1038/s41598-017-12923-1

www.nature.com/scientificreports

A penalty on photosynthetic 
growth in fluctuating light
Percival J. Graham, Brian Nguyen, Thomas Burdyny & David Sinton  

Fluctuating light is the norm for photosynthetic organisms, with a wide range of frequencies (0.00001 
to 10 Hz) owing to diurnal cycles, cloud cover, canopy shifting and mixing; with broad implications for 
climate change, agriculture and bioproduct production. Photosynthetic growth in fluctuating light is 
generally considered to improve with increasing fluctuation frequency. Here we demonstrate that the 
regulation of photosynthesis imposes a penalty on growth in fluctuating light for frequencies in the 
range of 0.01 to 0.1 Hz (organisms studied: Synechococcus elongatus and Chlamydomonas reinhardtii). 
We provide a comprehensive sweep of frequencies and duty cycles. In addition, we develop a 2nd order 
model that identifies the source of the penalty to be the regulation of the Calvin cycle – present at all 
frequencies but compensated at high frequencies by slow kinetics of RuBisCO.

In nature, solar flux is discontinuous, fluctuating due to the diurnal cycle, varying cloud cover, canopy shifting 
and circulation in bodies of water, photosynthetic organisms are therefore exposed to a diverse set of fluctuating 
light profiles ranging from 0.00001 to 10 Hz1–4. Terrestrial plants, typically experience fluctuations on the order of 
in the range of 0.001 to 1 Hz1–5 due to canopy shifting and varying cloud cover. In the case of aquatic microorgan-
isms, cyanobacteria and eukaryotic algae, fluctuating irradiance is driven by a combination of mixing and spatial 
light heterogeneity. Specifically, light is most intense at the surface of a body of water, then decreases with depth 
due to turbidity. Mixing causes cells to travel upwards from areas of low light towards the photic zone, where light 
is sufficient to drive growth. In estuaries the resulting frequency is on the order of 0.02 to 0.0002 Hz. In contrast 
marine organisms may experience much slower variations, where crossing from the dark region to the photic 
zone may take days6–8.

Since light drives primary productivity, the ability of a photosynthetic organisms to capture fluctuating light, 
will impact its ability to fulfill its ecological role. As such, environmental parameters such as wind, circulation 
due to temperature gradients and turbidity can impact primary productivity. In terms of industrial applications, 
these fluctuating irradiance conditions are common in agriculture, as well as in photobioreactors. In agriculture, 
fluctuating light occurs due to variations in cloud cover and plant displacement. Fluctuating light in photobiore-
ators is due to mixing in and out of the photic zone, similar in nature to shallow estuaries. Depending on reactor 
geometry, mixing can induce a variety of fluctuating light profiles, with frequencies ranging from 0.05–5 Hz, 
where frequencies over 1 Hz can improve reactor performance9–17.

Photosynthetic growth is composed of two major sets of reactions, the light dependent reactions and the light 
independent reactions. The light dependent reactions include the generation of ATP and NADPH from light and 
oxygen evolution. These reactions occur along a set of membrane bound proteins, which capture light energy and 
use it to split water, evolve oxygen and make ATP and NADPH. The light independent reactions use the products 
from the light dependent reaction (ATP and NADPH) to reduce carbon via the Calvin cycle. Typically, the light 
dependant reactions occur more rapidly than the light independent reactions13,18,19.

Photosynthetic growth in fluctuating light is generally considered to be bound by two extremes, a high fre-
quency limit, where the growth rate is dictated by the time-averaged light intensity, (full-light-integration), and a 
low frequency limit where photosynthetic growth is equivalent to sum of the growth rate in each light condition 
(no-light-integration)20–26. At high frequencies (>1 Hz), photosynthetic growth occurs during both the light and 
the dark phase. High frequency fluctuations allow for continuous growth through a mismatch of reaction rates, 
specifically rapid light harvesting reactions and slower enzymatic reactions13,18,19. The mismatch between rates 
causes an accumulation of intermediate products during the light phase which can then be consumed during the 
dark phase, allowing for nearly continuous growth. As frequency decreases, the fraction of the dark period where 
growth continues decreases, and the resulting growth rate decays to the low frequency (no-light-integration) case, 
where there is no flashing light benefit. Specifically, the mismatch is between (i) the rapid light-driven generation 
of ATP and NADPH by the photosynthetic electron transport chain and (ii) the slower Calvin cycle13,18,19,27. In the 
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case of very high frequencies, (>100 Hz), mismatches along the photosynthetic electron transport chain can also 
contribute to the flashing light effect14,28,29.

Motivated by the complexity and importance of photosynthetic growth under fluctuating light, a variety of 
models have been proposed, all of which predict growth rates between the established high and low frequency 
bounds19–26,30,31. These models range in complexity, but all contain a light dependent excitation step (capturing the 
formation of ATP and NADPH), and a light independent step (capturing the consumption of ATP and NADPH 
by the Calvin cycle), which allow them to capture the behaviour between the high and low frequency bounds. 
However, irradiance controls the degree of activation of the Calvin cycle by indirectly activating Rubisco Activase 
by increasing the amount of ATP and by promoting RuBP regeneration via redox sensing of the photosynthetic 
electron transport chain32. This regulation causes photosynthesis to not respond instantaneously to changing 
irradiance levels1,32–38, suggesting dynamics outside the high and low frequency bounds are likely.

Here we demonstrate a flashing light penalty where the photosynthetic growth is below the low frequency 
limit associated with no-light-integration. Specifically, growth is severely hampered for frequencies in the range 
of approximately 0.1 to 0.01 Hz, an effect not captured with current models. The penalty presented here is heavily 
dependent on duty cycle: small duty cycles have a substantial penalty, whereas large duty cycles are shown to have 
nearly no penalty. This penalty was present under photoautotrophic growth for both Synechococcus elongatus and 
Chlamydomonas reinhardtii. Under mixotrophic growth, where an organism can use organic carbon as energy, 
the penalty is heavily attenuated. We attribute this penalty to the regulation of Calvin cycle by irradiance, where 
after a sufficiently long period in the dark, the Calvin cycle is inactive. When exposed to light the Calvin cycle 
is activated, albeit with a time lag that is significant at frequencies in the range 0.1 to 0.01 Hz – a range that is 
germane to natural, agricultural and industrial systems3,32,39. By expanding an existing mechanistic model, we 
demonstrate that the partial activation state of the Calvin cycle is responsible for the frequency dependent penalty 
affecting photosynthetic organisms.

Results and Discussion
We investigate the effect of fluctuating light on photosynthetic growth through a combined experimental and 
analytical approach. Specifically, we investigate the effects of frequency (light-dark cycles per second) and duty 
cycle (fraction of a cycle where the light is at maximum intensity) on photosynthetic growth. Two organisms 
were chosen, Synechococcus elongatus and Chlamydomonas reinhardtii. Synechococcus elongatus is frequently used 
in biotechnology since it can be transformed for chemical production or increased growth40,41. Moreover the 
Synechococcus genus is present in a wide range of marine, freshwater and terrestrial environments, across a broad 
temperature range, thus an important contributor to primary productivity42–44. Chlamydomonas reinhardtii is a 
model organism where mutated strains are readily available and it typically resides in freshwater and soils45. In 
addition, Chlamydomonas reinhardtii, as a mixotroph, is capable of heterotrophic, photoheterotrophic and pho-
toautotrophic growth. To sweep the large parameter space associated with the entire frequency spectrum relevant 
to photosynthetic growth and distinct duty cycles we used projection to provide independent control of light 
conditions in each chamber of a 384-well plate (Fig. 1a), with full details included in methods.

To gain further insight into the behaviour of photosynthetic growth in fluctuating light, we developed a math-
ematical model which accounts for the regulation of the Calvin cycle by irradiance (Fig. 1b). Specifically, we 
adapted the model presented by Camacho Rubio et al.19 to include the effect of irradiance on the degree of activa-
tion of the Calvin cycle. The degree of activation of the Calvin Cycle represents the instantaneous reaction rate rel-
ative to the rate that would be obtained under continuous irradiance. Irradiance controls the degree of activation 
of the Calvin cycle by indirectly activating Rubisco Activase by increasing the amount of ATP and by promoting 
RuBP regeneration via redox sensing of the photosynthetic electron transport chain32.

Both the RuBP regeneration and RuBisCO activation contribute to the degree of activation of the Calvin 
Cycle. In the context of the model, the degree of activation of the Calvin cycle controls the rate at which activated 
photosynthetic units are converted into biomass and light harvesting systems are returned to their resting state. 
This regulation of the reaction aligns with the role of the Calvin cycle, specifically, using energy captured by 
the photosynthetic electron transport to reduce carbon. The full details of the model and MATLAB scripts are 
included as supplementary information.

In Fig. 2 both experimental and modelling results are presented, showing the effect of frequency and duty 
cycle for square wave light profiles fluctuating between an irradiance of 215 µmol·m−2 s−1 and ≈0 µmol·m−2 s−1. 
The frequency ranges from 0.00001 to 1 Hz for duty cycles of 0.25 (b), 0.375 (c), 0.5 (d), 0.625 (e) and 0.75 (f). The 
growth vs irradiance curve obtained under continuous irradiance (Fig. 2a), enables interpretation of the effect 
of flashing light frequency, by (i) providing the growth rate corresponding to the time averaged intensities for 
the five flashing light cases, (ii) demonstrating that the irradiance chosen is saturating and (iii) providing data 
to extract parameters to be used in the model. The parameters extracted include α, the ratio between enzymatic 
and photochemical rate constants, κ a half saturation constant of the Calvin cycle and Pm the maximum growth 
rate. The growth-irradiance curve shows a saturating relationship where growth increases with irradiance up until 
an intensity of 150 µmol·m−2 s−1, with the maximum growth rate aligning with literature values46–48. The growth 
under continuous light was obtained on the same well plate as all of the fluctuating cases. Growth curves are 
included as supplemental information, to demonstrate continued exponential growth over the two days (Fig. S2).

The Calvin cycle imposes a penalty on photosynthetic growth in fluctuating light. Each fre-
quency response plot (Fig. 2b–f) is annotated with two reference lines, (i) growth with full-light-integration, 
where growth would be dictated by the time-average irradiance (dashed lines in Fig. 2b–f) and (ii) growth with 
no-light-integration, where growth is equivalent to the sum of the growth rate in each light condition (dotted lines 
in Fig. 2b–f). At the extreme frequencies, our data for all duty cycles agrees with literature data - matching the high 
and low frequency limits20–26. Specifically, at high frequencies, growth approaches the full-light-integration limit. 
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Likewise at low frequencies, growth approaches the no-light-integration limit with decreasing frequency13,19. 
However, our data shows that at frequencies ranging from 0.01 to 0.1 Hz, growth is significantly lower (Anova: 
Single Factor, P-values of 0.002, 0.002, 2.4 × 10−8, 8 × 10−11 and 4 × 10−9 for duty cycles of 0.75, 0.625, 0.5, 0.375 
and 0.25 respectively, for n = 12 for all duty cycles except 0.625 where n = 8) than the low frequency case – indi-
cating a penalty. Specifically, the minimum growth rate is as low as 50 percent of the no-light-integration case for 
the 0.25 duty cycle.

The presence of a penalty suggests behaviour outside the mismatch between photochemical and enzymatic 
reactions. We hypothesize that this penalty is caused by the regulation of the Calvin cycle by light32,39,49, which 
is strongly supported by the agreement between our model and experimental data. The parameters used in 
the model align with the range of rate constants presented in literature for both the activation and deactiva-
tion rates of (i) RuBP regeneration (kcal1on = 0.05, kcal1off = 0.025) and (ii) RuBisCO activation (kcal2on = 0.001, 
kcal2off = 0.0001)2,8,32,39,50–57, justifying the role of Calvin cycle regulation in the observed penalty. A full discussion 
regarding the parameters employed here is provided as supplemental information.

The severity of the penalty decreases with increasing duty cycle (Fig. 3). Specifically, the minimum growth rate 
is approximately 50, 60, 70, 80 and 90 percent of the no-light-integration case, for duty cycles of 0.25, 0.375, 0.5, 
0.625 and 0.75, respectively. In addition, results from the model are included to extend the range of duty cycles 
studied. The model trend is non-linear, where the penalty becomes increasingly severe with decreasing duty cycle.

Mixotrophy tempers the fluctuating light penalty. In addition to photoautotrophic growth, where 
organisms use light energy to reduce CO2 into organic forms, some photosynthetic organisms can grow photo-
heterotrophically, where light is used in conjunction with an organic carbon source, or heterotrophically where 
an organic carbon source is used as energy. Chlamydomonas reinhardtii wild type was used since it can grow 
mixotrophically, having the ability to choose between the three previously mentioned growth modes58. To study 
the effect of photoheterotrophy on the fluctuating light penalty, we grew Chlamydomonas in Sueoka’s high salt 
medium with (HSA) and without acetate (HS). In the presence of acetate (mixotrophic), the penalty is sub-
stantially decreased for a 0.25 duty cycle (Fig. 4), where the growth rate is 20% the no-light-integration case 
under photoautotrophic growth and 85% under photoheterotrophic growth (P ≈ 10−5). In comparison with 
Synechococcus (Fig. 3), Chlamydomonas exhibits a slightly more severe penalty for a 0.25 duty cycle, but a compa-
rable penalty at larger duty cycles.

Figure 1. Combined experimental and analytical approach. (a) Schematic of irradiance technique used, 
consisting of a well plate aligned to a projector, with a sample image of the well plate being illuminated by the 
projector. (b) Model scheme. In the top row, photosynthetic units are excited by light, then decay to produce 
additional biomass. The bottom row shows regulation of the Calvin cycle by light. Specifically, the activation 
rates for the components of the Calvin cycle (kcal1on and kcal2on) are the indicated values in the light and 0 in the 
dark. In contrast, the off rates (kcal1off and kcal2off) are constant through the light and dark phases.
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To gain insight into the transient behaviour of photosynthesis in fluctuating light, we apply the model to track 
the instantaneous growth (Fig. 5a–c), the RuBP regeneration activation factor (d, e, f) and the RuBisCO activation 
factor (g, h, i) over one period. These activations factors represent the relative activity of the two light regulated 
aspects of the Calvin cycle (RuBP regeneration and RuBisCO activity). In continuous darkness, the factors are 0, 
and under continuous light the factors are given by the equilibrium value, which can be calculated as K = 

+( )k k k/on on off . These variables are shown for duty cycles of 0.25, 0.5 and 0.75 at high frequency, where growth is 
above the no-light-integration case, moderate frequency where growth is below the no-light-integration case and 
at low frequency, where growth matches the no-light-integration case. The response for instantaneous growth and 
RuBP regeneration follow a square wave for the lowest frequency, since the rates are multiple orders of magnitude 
faster than the fluctuation frequency. Similarly, the RuBisCO activation factor increases nearly instantaneously in 
the light phase, then gradually deactivates in the dark phase.

For intermediate frequencies, corresponding to cases below the growth integration line, the instantaneous 
growth does not reach the growth achieved under the low frequency case, thus for the bulk of the light phase 
photosynthetic growth is impaired, to some degree. The decreased instantaneous growth rate is caused by the 
regulation of the Calvin cycle, particularly RuBP regeneration, being partially active for most, if not all, of the 
period (Fig. 5d–f).

Similar to the case of the intermediate frequencies, under high frequency flashing light, the instanta-
neous growth rate does not reach the growth achieved under peak irradiance value. However, the pres-
ence of growth during the dark phase compensates for the slower growth during the light phase, allowing for 

Figure 2. Summary of experimental data demonstrating a frequency dependent penalty for flashing light 
with corresponding model. (a) Steady state growth vs irradiance curve with the model fit to extract parameters 
α, κ and Pm (R2 = 0.997). The effect of frequency for various duty cycles is shown in (b–f) for square waves 
alternating between 215 and ≈0 µmol·m−2 s−1 with duty cycles of 0.25, 0.375, 0.5, 0.625 and 0.75 respectively. 
Dashed lines in (b–f) correspond full-light-integration and dotted lines correspond to no-light-integration. 
Experimental data corresponds to the mean and standard deviation of four data points, from a single well plate, 
after two days of growth, individual data points are also included.
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full-light-integration. Both the RuBisCO activation factor at frequencies of 0.025 and 2 Hz and the RuBP regen-
eration at frequencies of 2 Hz are relatively constant over a period, since the light fluctuations are over two orders 
of magnitude faster than the rate constants. However, the activation factors are below the equilibrium activation 
factors (0.666 for RuBP regeneration and 0.91 for RuBisCO activation, (Fig. 5d–i blue lines corresponding to 
0.00001 Hz)), suggesting that the activation kinetics still impose a penalty at higher frequencies.

The mismatch between reaction rates compensates for the regulation of the Calvin cycle at 
high frequencies. The partial activation state of the Calvin cycle at high frequencies motivates reconsid-
ering the role of the conventional flashing light effect, i.e. growth bound between a high and a low frequency 
limit. In Fig. 6a, the full model presented here is deconstructed into two special cases: a penalty-free case and a 
penalty-only case, for a 0.25 duty cycle. The penalty-free case shown is the conventional two-state model19 which 
assumes that the Calvin cycle responds instantaneously to a change in irradiance. In contrast, the penalty-only 
case assumes that there is no mismatch in reaction rates and by extension no growth during the dark phase, but 
includes the lag times for the Calvin cycle.

The penalty-free case predicts a higher growth rate than both the experimental data and the complete model 
for all frequencies. This discrepancy suggests that the regulation of the Calvin cycle decreases growth for all 
frequencies above a certain threshold, or in other words acts like a low-pass filter. Moreover, the penalty-only 
case shows decreasing growth with increasing frequency, affirming that growth is increasingly penalized with 

Figure 3. Effect of duty cycle on relative minimum growth rate. The minimum growth rate is expressed as a 
percentage of the no-light-integration growth rate. The data represents the mean and standard deviation of 
three well plates each with four technical replicates per condition, for a total of twelve data points, except for the 
0.625 duty cycle case, which is limited to two well plates of four replicates.

Figure 4. Effect of mixotrophic growth on the relative minimum growth rate for the organism Chlamydomonas 
Reinhardtii. The minimum growth rate is expressed as a percentage of the no-light-integration growth rate. Data 
represents the mean and standard deviation of two experiments, each with four technical replicates.
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increasing light fluctuation frequency. The full model generally follows the penalty-only case until a frequency 
of roughly 0.01 Hz, where the full model begins to increase. Similarly, the penalty-free case begins to increase 
above the no-light-integration line at 0.01 Hz. This comparison between the full model and special cases (Fig. 6a) 
indicates that the slow kinetics of RuBisCO compensates for the light dependent regulation of the Calvin cycle at 
high frequencies.

RuBP regeneration regulation is the dominant source of the penalty. The relative contributions 
of RuBisCO regulation and RuBP regeneration are shown by comparing the full model to the special cases which 
are penalized by either RuBisCO activation or RuBP regeneration, as opposed to both (Fig. 6b). The 0.25 duty 
cycle is shown as an example, since it is the case where the penalty is strongest. RuBisCO activation is the dom-
inant source of the penalty for frequencies below 0.004 Hz, whereas RuBP regeneration imposes a penalty for 
frequencies above 0.004 Hz. The penalty associated with RuBisCO activation is weak, since the activation rate 
for RuBisCO is roughly an order of magnitude higher than the deactivation rate. In contrast, RuBP regeneration 
imposes a severe penalty since the activation rate is only double the deactivation rate. In addition, a shoulder is 
present at a frequency of roughly 0.004 Hz, where the RuBP regeneration penalty begins to increase with increas-
ing frequency. The presence of a dip, shoulder and gradual increase is due to the combination of the two distinct 
regulatory mechanisms.

Figure 5. Effect of duty cycle and frequency on the transient behaviour of photosynthetic growth, based on 
mathematical modeling. Instantaneous growth rates (a–c), RuBP regeneration activation factor (d–f) and 
RuBisCO activation factor (g–i) and for duty cycles of 0.25 (a,d,g), 0.5 (b,e,h), and 0.75 (c,f,i), for frequencies 
matching continuous light, frequency which incurred a penalty and low frequency matching the growth 
integration.
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Conclusion
This work presents evidence that the regulation of photosynthesis in fluctuating light has an adverse effect on 
photoautotrophic growth, particularly strong in a range around 0.01–0.1 Hz - a range that is typical of nature, 
agriculture, and industry. We postulate that the light dependent regulation of the Calvin cycle is the biological 
process responsible for impeding growth. As such, under photoheterotrophic conditions, the penalty is sub-
stantially reduced, highlighting the role of the Calvin cycle. The ability of photoheterotrophic growth to reduce 
the penalty attests to the role of the regulation of the Calvin Cycle in penalizing photosynthetic growth. Under 
photoheterotrophic growth, organic carbon is acquired instead of CO2, reducing the need for the Calvin cycle59,60. 
Non-photochemical quenching (NPQ) is also regulated by irradiance, thus in principle could be a source of 
a penalty61. However, the required irradiance to induce NPQ is on the order of hundreds to thousands of 
µmol·m−2 s−1 61–63. Moreover, in the case of cyanobacteria, blue light is required to induce NPQ via photopro-
tection from orange carotenoid proteins63. Thus 200 µmol·m−2 s−1 of white light is not expected to produce a 
substantial amount of NPQ. The findings here, demonstrating a delay in CO2 fixation when transitioning from 
dark to light, complement the dynamic behaviour of NPQ, a delay in CO2 fixation when transitioning from excess 
light to moderate light.

The penalty is demonstrated here for organisms that use the Calvin cycle for carbon fixation. We expect that 
similar penalties may exist in other organisms where light regulation plays a role, for instance in regulating the 
reverse Krebs cycle of green sulfur bacteria. Purple non-sulfur bacteria, which only have a single photosystem64,65 
likely exhibit a penalty since the Calvin cycle can be indirectly regulated by light through the redox state of the 
cell. Moreover, accumulation of RuBP can increase transcription of proteins relevant to the regulation of the 
Calvin cycle66. Considering that the Calvin cycle is tightly regulated in multiple organisms, it is likely that a simi-
lar penalty will exist in purple non-sulfur bacteria.

Two facets of the Calvin cycle are presented as a source of the penalty, (i) regeneration of RuBP and (ii) 
the activation state of RuBisCO, as shown by our mathematical model. There is a distinct penalty strongest at 
approximately 0.02 Hz, attributed to RuBP regeneration regulation, while at lower frequencies ranging from 
0.001 to 0.0002 Hz there is a subtle penalty due to RuBisCO regulation. Though Synechococcus elongatus and 
Chlamydomonas reinhardtii may not express RuBisCO activase specifically, the catalytic state of RuBisCO is 
maintained in the light by enzymes which operate in a similar fashion67. Moreover, our numerical model clarifies 
the transient nature of photosynthesis in fluctuating light. Specifically, the Calvin cycle is not fully active during 
the light phase, which in turn penalizes growth in fluctuating light. Furthermore, we expand the scope of the 
traditional flashing light effect from enabling improved growth above the no-light-integration case to allowing 
for the organism to compensate for the regulation of the Calvin cycle. This is noteworthy, in that RuBisCO’s slow 
kinetics are considered to be a disadvantage18, however, our results suggest that these slow kinetics are in some 
sense desirable since they allow a photosynthetic organism to compensate for delayed activation of the Calvin 
cycle.

Our data suggests that the causes of light fluctuations could be indirectly considered as stressors, should they 
force fluctuations into frequencies in the penalized range. Specifically, changes in the physical environment such 
variations in wind and natural convection driven mixing coupled to increases in turbidity could reduce photo-
autotrophic growth. Regarding climate change, increases in temperature are having an impact on circulation in 

Figure 6. Relative contributions of (i) the conventional flashing light effect, (ii) RuBisCO regulation and (iii) 
RuBP regeneration on photosynthetic growth under fluctuating light, interpreted using two special cases of the 
mathematical model. Data corresponds to a 0.25 duty cycle. (a) Full model and experimental data plotted with 
two special cases: (i) a model free of the flashing light penalty and (ii) a model which only has the flashing light 
penalty and no benefit of the flashing light effect (b) Full model and two special cases which each have only one 
regulatory mechanism, either RuBisCO activation or RuBP regeneration.
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bodies of water68–70, and therefore the second order behaviour of photoautotrophic growth should be consid-
ered when forecasting the impacts of climate change. Furthermore, the majority of controlled experiments have 
been performed under steady state irradiance conditions71, and do not capture any interactive effects between 
environmental drivers and fluctuating light. Since fluctuating light imparts a penalty on growth, experiments 
with continuous irradiance could be underestimating the harm imposed by environmental stressors, such as 
CO2 acidification stress or nutrient limitation5. First, CO2 acidification stress can be more severe under a higher 
intensity light in marine species61. Second, light and CO2 can be seen as aiding resources72, due to their role in 
supplying energy to the cell, an organism in fluctuating light may be more sensitive to nutrient limitation. Causes 
of fluctuating irradiance should be considered when assessing ecosystems, either due to a direct penalty or in 
combination with various stressors.

The penalty is present in both a cyanobacteria and a eukaryotic algae under photoautotrophic growth. 
However, under mixotrophic conditions (the ability to adopt either photoautotrophic, photoheterotrophic or 
chemoheterotrophic growth), Chlamydomonas exhibits little to no penalty compared with the no-light-integration 
case and as duty cycles are changed. The ability of mixotrophy to alleviate the flashing light penalty broadens the 
role of mixotrophy from the ability to thrive in low light and CO2 to the ability to thrive where light is intermit-
tent. It is important to note that alternating between photoautotrophic, photoheterotrophic and heterotrophic 
growth requires some adjustment in metabolism and transcription36,73, which could incur an additional, small 
penalty. Mixotrophy is common in organisms evolved to live in lower light or CO2

74. Our results indicate a broad-
ened role of mixotrophy, enabling growth where light is intermittent.

Lastly, these results are pertinent to biotechnology. The presence of a penalty in Chlamydomonas suggests a 
similar behaviour may exist in higher plants (by extension agriculture), since they share similar carbon fixation 
machinery75. To improve agricultural yields, researchers often suggest re-engineering RuBisCO to improve crop 
performance76. Though re-engineering of RuBisCO could be effective, our data highlight that increasing the acti-
vation rate of the Calvin cycle would improve growth through better light utilization. Similarly, researchers have 
recently demonstrated that an accelerated recovery from NPQ can increase yields in tobacco77. Photoprotection 
in the form of NPQ was shown to occur for an irradiance intensity of 2000 µmol·m−2 s−1. As the light decreases 
to 200 µmol·m−2 s−1 organisms continue to exhibit NPQ for a short period of time which reduces light harvesting 
and in turn CO2 fixation. Our findings complement this research, by further demonstrating the benefit of improv-
ing the dynamics of the regulation of photosynthesis. Lastly, current models for predicting photobioreactor per-
formance are bound between the full-light-integration and no-light-integration behaviours. As such these models 
do not capture the photosynthetic penalty associated with fluctuating light that is inherent to most operations and 
particularly at high densities.

Methods
Cell culture conditions. Synechococcus elongatus PCC7942 T2SEΩ (provided by Professor Rakefet Schwarz, 
Bar-Ilan University, Israel) was cultured at 28 C under continuous irradiance of 45 µmol·m−2 s−1 and room CO2 
(≈600 ppm) for long term storage78. Approximately 48 hours prior to experimentation, cells were transferred 
to a 1% CO2 environment. Cells were cultured in a double concentration BG-11 media (PhytoTechnology 
Laboratories, Shawnee Mission, Kansas, USA), which was pH buffered to 7.5 with 20 mM HEPES (Sigma Aldrich, 
Oakville, Ontario Canada). Cell culture media was sterilized using 0.22 µm vacuum filtration units. This modified 
strain is resistant to kanamycin.

Wild-type Chlamydomonas reinhardtii (CC-124), was obtained from the Chlamydomonas Resource Centre 
(University of Minnesota, St. Paul, Minnesota). The organism was culture with either Sueoka’s high salt medium 
with (HSA) and without acetate (HS), pH buffered to 7 with a 20 mM concentration of MOPS. Chlamydomonas 
reinhardtii cells were maintained at 25 C under a continuous irradiance of µmol·m−2 s−1 and room CO2 
(≈600 ppm), for long term storage. Approximately 48 hours prior to experimentation, cells were transferred to a 
1% CO2 environment.

Experimental apparatus. Spatial control of irradiance across a 384-well plate was achieved using an LCD 
projector (EPSON EX3220 SVGA 3LCD), shown in Fig. 1a and a sample of the resulting irradiance pattern shown 
in Fig. 1b. The various irradiances cases were achieved by creating a 24 hour video file using a MATLAB script 
(included as supplemental). The resulting video was then played using VLC media player (VideoLAN, Paris, 
France). The frequency and duty cycle layouts are shown in Fig. S1a,b, respectively. In addition, the spectral 
profile is included as Fig. S2. The video file was manually aligned to the well plate, and continued alignment was 
ensured by mounting both the projector and well plate to an optical bread board. The well plate was incubated at 
1% CO2 by enclosing the plate in a custom made transparent acrylic chamber, which was fed with a 1% CO2 gas 
mixture. Temperature was maintained at 28 C for Synechococcus elongatus and 25 C for Chlamydomonas reinhard-
tii using resistive heaters and a thermostat.

Experimental protocol. Approximately 48 hours prior to being transferred to the 384-well plate, S. elong-
atus was re-suspended to an optical density of 0.05 (measured in a 1 cm cuvette) and cultured at 1% CO2 under 
an irradiance of 80 µmol·m−2 s−1, supplied by the projector used during the experiment. The CO2 was monitored 
using a NIR CO2 sensor (CO2meter). This was done to acclimate the cells to both the CO2 concentration and 
irradiance spectral profile. A 1% CO2 was chosen increase the transport into the chambers (details in SI).

For the purposes of screening the effect of irradiance frequency on growth, microalgae were diluted to an 
optical density of 0.05 (measured in a 1 cm cuvette), then loaded into a 384-well plate. Each chamber of an 
opaque 384-well plate received 50 µL of cell suspension. During culturing, the plate was sealed using a breatha-
ble film (Double Skin, 4titude). The well plate was mounted to an optical bread board located below a projector 
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and aligned to a video file to create the various light conditions and to ensure continued alignment during the 
experiment.

During measurement, the breathable film was replaced with an optical grade plate sealing film (VIEWseal, 
Greiner). Optical density in the 384-well plate was measured using a BMG PheraStar plate reader. Prior to meas-
urement, the plates were vortex mixed then centrifuged briefly (30 s) at approximately 130 g’s to ensure well dis-
persed cells and to eliminate bubbles. After the measurement phase, the optical film was replaced with a new 
breathable film and the well plate was re-mounted to the experimental setup.

Growth under continuous irradiance. The continuous irradiance data was included on the same 
well-plate as the growth under fluctuating irradiance. For Synechococcus elongatus, exponential growth was main-
tained over the course of the two day experiment as shown by the high light case included in Supplementary 
Fig. S2. For Chlamydomonas reinhardtii, experiments were run for three days, however growth rates over either 
two or three days were used, due to the vastly different growth rates for the various conditions.

References
 1. Barnett, A. et al. Growth form defines physiological photoprotective capacity in intertidal benthic diatoms. ISME J. 9, 32–45 (2015).
 2. Pearcy, R. W., Krall, J. P. & Sassenrath-Cole, G. F. In Photosynthesis and the Environment 321–346 (1996).
 3. Smith, W. K. & Berry, Z. C. Sunflecks? Tree Physiol. 33, 233–237 (2013).
 4. Li, Z. et al. Evolution of an atypical de-epoxidase for photoprotection in the green lineage. Nat. Plants 2, 16140 (2016).
 5. Sun, J., Ye, M., Peng, S. & Li, Y. Nitrogen can improve the rapid response of photosynthesis to changing irradiance in rice (Oryza 

sativa L.) plants. Sci. Rep. 6, 31305 (2016).
 6. Macintyre, H. L., Kana, T. M. & Geider, R. J. The effect of water motion on short-term rates of photosynthesis by marine 

phytoplankton. Trends Plant Sci. 5, 12–17 (2000).
 7. Macintyre, S. Vertical mixing in a shallow, eutrophic lake: Possible consequences for the light climate of phytoplankton. Limnol. 

Oceanogr. 38, 798–817 (1993).
 8. MacIntyre, H. L. & Geider, R. J. Regulation of Rubisco activity and its potential effect on photosynthesis during mixing in a turbid 

estuary. Mar. Ecol. Prog. Ser. 144, 247–264 (1996).
 9. Barbosa, M. J., Janssen, M., Ham, N., Tramper, J. & Wijffels, R. H. Microalgae cultivation in air-lift reactors: Modeling biomass yield 

and growth rate as a function of mixing frequency. Biotechnol. Bioeng. 82, 170–179 (2003).
 10. Kumar, K., Mishra, S. K., Shrivastav, A., Park, M. S. & Yang, J. W. Recent trends in the mass cultivation of algae in raceway ponds. 

Renew. Sustain. Energy Rev. 51, 875–885 (2015).
 11. Grobbelaar, J. U. Microalgal biomass production: challenges and realities. Photosynth. Res. 106, 135–44 (2010).
 12. Wijffels, R. H. & Barbosa, M. J. An outlook on microalgal biofuels. Science 329, 796–9 (2010).
 13. Abu-Ghosh, S., Fixler, D., Dubinsky, Z. & Iluz, D. Flashing light in microalgae biotechnology. Bioresour. Technol. 203, 357–363 

(2016).
 14. Greenwald, E., Gordon, J. M. & Zarmi, Y. Physics of ultra-high bioproductivity in algal photobioreactors. Appl. Phys. Lett. 100, 

143703 (2012).
 15. Gebremariam, A. K. & Zarmi, Y. Synchronization of fluid-dynamics related and physiological time scales and algal biomass 

production in thin flat-plate bioreactors. J. Appl. Phys. 111, 34904 (2012).
 16. Perner-Nochta, I. & Posten, C. Simulations of light intensity variation in photobioreactors. J. Biotechnol. 131, 276–285 (2007).
 17. Toninelli, A. E. et al. Scenedesmus dimorphus biofilm: Photoefficiency and biomass production under intermittent lighting. Sci. Rep. 

6, 32305 (2016).
 18. Hauser, T., Popilka, L., Hartl, F. U. & Hayer-Hartl, M. Role of auxiliary proteins in Rubisco biogenesis and function. Nat. Plants 1, 

15065 (2015).
 19. Rubio Camacho, F., García Camacho, F., Fernández Sevilla, J. M., Chisti, Y. & Molina Grima, E. A mechanistic model of 

photosynthesis in microalgae. Biotechnol. Bioeng. 81, 459–473 (2003).
 20. Hartmann, P., Béchet, Q. & Bernard, O. The effect of photosynthesis time scales on microalgae productivity. Bioprocess Biosyst. Eng. 

37, 17–25 (2014).
 21. Takache, H., Christophe, G., Cornet, J. F. & Pruvost, J. Experimental and theoretical assessment of maximum productivities for the 

microalgae Chlamydomonas reinhardtii in two different geometries of photobioreactors. Biotechnol. Prog. 26, 431–440 (2010).
 22. Takache, H., Pruvost, J. & Marec, H. Investigation of light/dark cycles effects on the photosynthetic growth of Chlamydomonas 

reinhardtii in conditions representative of photobioreactor cultivation. Algal Res. 8, 192–204 (2015).
 23. Xue, S., Su, Z. & Cong, W. Growth of Spirulina platensis enhanced under intermittent illumination. J. Biotechnol. 151, 271–7 (2011).
 24. Terry, K. L. Photosynthesis in modulated light: quantitative dependence of photosynthetic enhancement on flashing rate. Biotechnol. 

Bioeng. 28, 988–995 (1986).
 25. Solimeno, A. et al. New mechanistic model to simulate microalgae growth. Algal Res. 12, 350–358 (2015).
 26. Bernardi, A. et al. An Identifiable State Model To Describe Light Intensity Influence on Microalgae Growth. Ind. Eng. Chem. Res. 53, 

6738–6749 (2014).
 27. Yoshimoto, N., Sato, T. & Kondo, Y. Dynamic discrete model of flashing light effect in photosynthesis of microalgae. J. Appl. Phycol. 

17, 207–214 (2005).
 28. Vejrazka, C., Streefland, M., Wijffels, R. H. & Janssen, M. The role of an electron pool in algal photosynthesis during sub-second 

light–dark cycling. Algal Res. 12, 43–51 (2015).
 29. Abu-Ghosh, S., Fixler, D., Dubinsky, Z. & Iluz, D. Continuous background light significantly increases flashing-light enhancement 

of photosynthesis and growth of microalgae. Bioresour. Technol. 187, 144–148 (2015).
 30. Eilers, P. H. C. & Peeters, J. C. H. Dynamic behaviour of a model for photosynthesis and photoinhibition. Ecol. Modell. 69, 113–133 

(1993).
 31. Wu, X. & Merchuk, J. C. A model integrating fluid dynamics in photosynthesis and photoinhibition processes. Chem. Eng. Sci. 56, 

3527–3538 (2001).
 32. Kaiser, E. et al. Dynamic photosynthesis in different environmental conditions. J. Exp. Bot. 66, 2415–2426 (2015).
 33. Tikhonov, A. N. Induction events and short-term regulation of electron transport in chloroplasts: an overview. Photosynth. Res. 125, 

65–94 (2015).
 34. Way, D. A. & Pearcy, R. W. Sunflecks in trees and forests: From photosynthetic physiology to global change biology. Tree Physiol. 32, 

1066–1081 (2012).
 35. Michaletz, S. T. et al. The energetic and carbon economic origins of leaf thermoregulation. Nat. Plants 2, 16129 (2016).
 36. Tomasch, J., Gohl, R., Bunk, B., Diez, M. S. & Wagner-Döbler, I. Transcriptional response of the photoheterotrophic marine 

bacterium Dinoroseobacter shibae to changing light regimes. ISME J. 5, 1957–1968 (2011).
 37. Franzetti, A. et al. Light-dependent microbial metabolisms driving carbon fluxes on glacier surfaces. ISME J. in press, 1–5 (2016).
 38. Klatt, J. M. et al. Structure and function of natural sulphide-oxidizing microbial mats under dynamic input of light and chemical 

energy. ISME J. 1–13, doi:https://doi.org/10.1038/ismej.2015.167 (2015).

http://S2
http://dx.doi.org/10.1038/ismej.2015.167


www.nature.com/scientificreports/

1 0SCIEnTIfIC RePoRTS | 7: 12513  | DOI:10.1038/s41598-017-12923-1

 39. Pearcy, R. W., Gross, L. J. & He, D. X. An improved dynamic model of photosynthesis for estimation of carbon gain in sunfleck light 
regimes. Plant, Cell Environ. 20, 411–424 (1997).

 40. Atsumi, S., Higashide, W. & Liao, J. C. Direct photosynthetic recycling of carbon dioxide to isobutyraldehyde. Nat. Biotechnol. 27, 
1177–1180 (2009).

 41. Yu, J. et al. Synechococcus elongatus UTEX 2973, a fast growing cyanobacterial chassis for biosynthesis using light and CO2. Sci. 
Rep. 5, 8132 (2015).

 42. Biller, S. J., Berube, P. M., Lindell, D. & Chisholm, S. W. Prochlorococcus: the structure and function of collective diversity. Nat. Rev. 
Microbiol. 13, 13–27 (2014).

 43. Pittera, J., Partensky, F. & Six, C. Adaptive thermostability of light-harvesting complexes in marine picocyanobacteria. ISME J. 1–13, 
doi:https://doi.org/10.1038/ismej.2016.102 (2016).

 44. Dvořák, P. et al. Synechococcus: 3 billion years of global dominance. Mol. Ecol. 23, 5538–5551 (2014).
 45. Merchant, S. S. et al. The Chlamydomonas Genome Reveals the Evolution of Key Animal and Plant Functions. Science (80-.). 318, 

245–250 (2010).
 46. Graham, P. J., Riordon, J. & Sinton, D. Microalgae on display: a microfluidic pixel-based irradiance assay for photosynthetic growth. 

Lab Chip 15, 3116–3124 (2015).
 47. Burns, Ra, Mac Kenzie, T. D. B. & Campbell, D. a. Inorganic Carbon Repletion Constrains Steady-State Light Acclimation in the 

Cyanobacterium Synechococcus Elongatus1. J. Phycol. 42, 610–621 (2006).
 48. Kuan, D., Duff, S., Posarac, D. & Bi, X. Growth optimization of Synechococcus Elongatus PCC7942 in lab flasks and a 2-D 

photobioreactor. Can. J. Chem. Eng. 93, 640–647 (2015).
 49. Kaiser, E. et al. Metabolic and diffusional limitations of photosynthesis in fluctuating irradiance in Arabidopsis thaliana. Sci. Rep. 6, 

31252 (2016).
 50. Kirschbaum, M. U. F., Küppers, M., Schneider, H., Giersch, C. & Noe, S. Modelling photosynthesis in fluctuating light with inclusion 

of stomatal conductance, biochemical activation and pools of key photosynthetic intermediates. Planta 204, 16–26 (1998).
 51. Tomimatsu, H. & Tang, Y. Effects of high CO2 levels on dynamic photosynthesis: carbon gain, mechanisms, and environmental 

interactions. J. Plant Res. 129, 1–13 (2016).
 52. Yamori, W., Masumoto, C., Fukayama, H. & Makino, A. Rubisco activase is a key regulator of non-steady-state photosynthesis at any 

leaf temperature and, to a lesser extent, of steady-state photosynthesis at high temperature. Plant J. 71, 871–880 (2012).
 53. Macintyre, H. L., Sharkey, T. D. & Geider, R. J. Activation and deactivation of ribulose-1, 5-bisphosphate carboxylase/oxygenase 

(Rubisco) in three marine microalgae. Photosynth. Res. 51, 93–106 (1997).
 54. McNevin, D., von Caemmerer, S. & Farquhar, G. Determining RuBisCO activation kinetics and other rate and equilibrium constants 

by simultaneous multiple non-linear regression of a kinetic model. J. Exp. Bot. 57, 3883–3900 (2006).
 55. Carmo-Silva, A. E. & Salvucci, M. E. The Regulatory Properties of Rubisco Activase Differ among Species and Affect Photosynthetic 

Induction during Light Transitions. Plant Physiol. 161, 1645–1655 (2013).
 56. Marcus, Y., Altman-Gueta, H., Finkler, A. & Gurevitz, M. Mutagenesis at two distinct phosphate-binding sites unravels their 

differential roles in regulation of Rubisco activation and catalysis. J. Bacteriol. 187, 4222–4228 (2005).
 57. Li, L. A. & Tabita, F. R. Maximum activity of recombinant ribulose 1,5-bisphosphate carboxylase/oxygenase of Anabaena sp. strain 

CA requires the product of the rbcX gene. J. Bacteriol. 179, 3793–3796 (1997).
 58. Haris, E. In The Chlamydomonas Sourcebook 1, (Elsevier, 2009).
 59. Berger, H. et al. Integration of carbon assimilation modes with photosynthetic light capture in the green alga Chlamydomonas 

reinhardtii. Mol. Plant 7, 1545–1559 (2014).
 60. Wilken, S., Schuurmans, J. M. & Matthijs, H. C. P. Do mixotrophs grow as photoheterotrophs? Photophysiological acclimation of the 

chrysophyte ochromonas danica after feeding. New Phytol. 204, 882–889 (2014).
 61. Gao, K. et al. Rising CO2 and increased light exposure synergistically reduce marine primary productivity. Nat. Clim. Chang. 2, 

519–523 (2012).
 62. Giovagnetti, V., Flori, S., Tramontano, F., Lavaud, J. & Brunet, C. The velocity of light intensity increase modulates the 

photoprotective response in coastal diatoms. PLoS One 9, 1–12 (2014).
 63. Gorbunov, M. Y., Kuzminov, F. I., Fadeev, V. V., Kim, J. D. & Falkowski, P. G. A kinetic model of non-photochemical quenching in 

cyanobacteria. Biochim. Biophys. Acta - Bioenerg. 1807, 1591–1599 (2011).
 64. Klamt, S., Grammel, H., Straube, R., Ghosh, R. & Gilles, E. D. Modeling the electron transport chain of purple non-sulfur bacteria. 

Mol. Syst. Biol. 4, 156 (2008).
 65. McEwan, A. G. Photosynthetic electron transport and anaerobic metabolism in purple non-sulfur phototrophic bacteria. Antonie 

van Leeuwenhoek, Int. J. Gen. Mol. Microbiol. 66, 151–164 (1994).
 66. Dangel, A. W. & Tabita, F. R. CbbR, the Master Regulator for Microbial Carbon Dioxide Fixation. J. Bacteriol. 197, 3488–3498 

(2015).
 67. Bracher, A., Whitney, S. M., Hartl, F. U. & Hayer-Hartl, M. Biogenesis and Metabolic Maintenance of Rubisco. Annu. Rev. Plant Biol. 

68 (2017).
 68. Lehman, J. T. Mixing patterns and plankton biomass of the St. Lawrence Great Lakes under climate change scenarios. J. Great Lakes 

Res. 28, 583–596 (2002).
 69. Butcher, J. B., Nover, D., Johnson, T. E. & Clark, C. M. Sensitivity of lake thermal and mixing dynamics to climate change. Clim. 

Change 129, 295–305 (2015).
 70. Sahoo, G. B. et al. Climate change impacts on lake thermal dynamics and ecosystem vulnerabilities. Limnol. Oceanogr. 61, 496–507 

(2016).
 71. Brennan, G. & Collins, S. Growth responses of a green alga to multiple environmental drivers. Nat. Clim. Chang. 5, 892–897 (2015).
 72. Low-Décarie, E., Fussmann, G. F. & Bell, G. Aquatic primary production in a high-CO2 world. Trends Ecol. Evol. 29, 223–232 

(2014).
 73. Nakajima, T. et al. Integrated metabolic flux and omics analysis of Synechocystis sp. PCC 6803 under mixotrophic and 

photoheterotrophic conditions. Plant Cell Physiol. 55, 1606–1612 (2014).
 74. Yelton, A. P. et al. Global genetic capacity for mixotrophy in marine picocyanobacteria. ISME J. 1–12, doi:https://doi.org/10.1038/

ismej.2016.64 (2016).
 75. Rochaix, J. D. Assembly,function, and dynamics of the photosynthetic machinery in Chlamydomonas reinhardtii. Plant Physiol. 127, 

1394–8 (2001).
 76. Lin, M. T., Occhialini, A., Andralojc, P. J., Parry, M. A. J. & Hanson, M. R. A faster Rubisco with potential to increase photosynthesis 

in crops. Nature 513, 547–550 (2014).
 77. Kromdijk, J. et al. Improving photosynthesis and crop productivity by accelerating recovery from photoprotection. Science (80-.). 

354, 857–861 (2016).
 78. Schatz, D. et al. Self-suppression of biofilm formation in the cyanobacterium Synechococcus elongatus. Environ. Microbiol. 15, 

1786–1794 (2013).

http://dx.doi.org/10.1038/ismej.2016.102
http://dx.doi.org/10.1038/ismej.2016.64
http://dx.doi.org/10.1038/ismej.2016.64


www.nature.com/scientificreports/

1 1SCIEnTIfIC RePoRTS | 7: 12513  | DOI:10.1038/s41598-017-12923-1

Acknowledgements
This work was supported through a Strategic Grant from the Natural Science and Engineering Research Council 
of Canada, the University of Toronto Connaught Global Scholars Program in Bio-Inspired Ideas for Sustainable 
Energy, the University of Toronto McLean Senior Fellowship (DS), E.W.R. Steacie Memorial Fellowship (D.S.), 
and the Canada Research Chairs Program. P.G. gratefully acknowledges NSERC PGS and Hatch Scholarships. 
B.N. gratefully acknowledges funding from Ontario Graduate Scholarships, the Queen Elizabeth II Graduate 
Scholarships in Science & Technology and the MEET, NSERC CREATE Program. T.B. is thankful for support 
from the NSERC PGS program. Ongoing infrastructure support from the Canadian Foundation for Innovation 
and operational support through the NSERC Discovery Program is also gratefully acknowledged. Plate reading 
and preparation equipment used in this study was provided by The 3D (Diet, Digestive Tract and Disease) Centre 
funded by the Canadian Foundation for Innovation and Ontario Research Fund, project number 19442 and 
30961.

Author Contributions
P.J.G. and D.S. designed research; P.J.G., performed research; B.N. and P.J.G. designed the experimental apparatus; 
P.J.G. and T.B developed the model; P.J.G. wrote the manuscript; All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12923-1.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-12923-1
http://creativecommons.org/licenses/by/4.0/

	A penalty on photosynthetic growth in fluctuating light
	Results and Discussion
	The Calvin cycle imposes a penalty on photosynthetic growth in fluctuating light. 
	Mixotrophy tempers the fluctuating light penalty. 
	The mismatch between reaction rates compensates for the regulation of the Calvin cycle at high frequencies. 
	RuBP regeneration regulation is the dominant source of the penalty. 

	Conclusion
	Methods
	Cell culture conditions. 
	Experimental apparatus. 
	Experimental protocol. 
	Growth under continuous irradiance. 

	Acknowledgements
	Figure 1 Combined experimental and analytical approach.
	Figure 2 Summary of experimental data demonstrating a frequency dependent penalty for flashing light with corresponding model.
	Figure 3 Effect of duty cycle on relative minimum growth rate.
	Figure 4 Effect of mixotrophic growth on the relative minimum growth rate for the organism Chlamydomonas Reinhardtii.
	Figure 5 Effect of duty cycle and frequency on the transient behaviour of photosynthetic growth, based on mathematical modeling.
	Figure 6 Relative contributions of (i) the conventional flashing light effect, (ii) RuBisCO regulation and (iii) RuBP regeneration on photosynthetic growth under fluctuating light, interpreted using two special cases of the mathematical model.




