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Abstract

:

The marine picocyanobacterium Synechococcus accounts for a major fraction of the primary production across the global oceans. However, knowledge of the responses of Synechococcus to changing pCO2 and light levels has been scarcely documented. Hence, we grew Synechococcus sp. CB0101 at two CO2 concentrations (ambient CO2 AC:410 μatm; high CO2 HC:1000 μatm) under various light levels between 25 and 800 μmol photons m−2 s−1 for 10–20 generations and found that the growth of Synechococcus strain CB0101 is strongly influenced by light intensity, peaking at 250 μmol m−2 s−1 and thereafter declined at higher light levels. Synechococcus cells showed a range of acclimation in their photophysiological characteristics, including changes in pigment content, optical absorption cross section, and light harvesting efficiency. Elevated pCO2 inhibited the growth of cells at light intensities close to or greater than saturation, with inhibition being greater under high light. Elevated pCO2 also reduced photosynthetic carbon fixation rates under high light but had smaller effects on the decrease in quantum yield and maximum relative electron transport rates observed under increasing light intensity. At the same time, the elevated pCO2 significantly decreased particulate organic carbon (POC) and particulate organic nitrogen (PON), particularly under low light. Ocean acidification, by increasing the inhibitory effects of high light, may affect the growth and competitiveness of Synechococcus in surface waters in the future scenario.
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1. Introduction


The cyanobacteria Synechococcus and Prochlorococcus are the two most abundant marine pico-prokaryotic photosynthetic organisms and make up a significant portion of the marine phytoplankton community [1,2]. Compared to Prochlorococcus, Synechococcus has a wider geographical distribution that even covers both polar and high-nutrient waters [2,3,4], possibly related to its larger genome with more genomic plasticity that allows it to occupy more highly dynamic environments [3,5,6]. Synechococcus contributes approximately 17% of the primary production of the global ocean and fuels the food web and biological carbon pump, which plays a key role in the marine ecosystem [1,7].



The oceans have absorbed approximately 30% of the total anthropogenic emissions of CO2 since the Industrial Revolution [8], driving a decrease in pH and changes in other carbonate chemistry parameters, a process termed Ocean Acidification (OA). Since the preindustrial era, the pH of surface ocean waters has dropped by 0.1 unit, and such a trend will see the global oceanic pH further reduced by 0.3–0.4 units by the end of 2100 under the “business-as-usual” scenario [9,10]. Coastal and estuarine waters are more susceptible to OA from anthropogenic activities than pelagic systems [11]. Elevated CO2 from organic matter re-mineralized by microbial respiration processes further raises acidity, with an additional drop in pH of 0.05 units, which reduces the buffering ability of coastal waters [11,12].



Most photoautotrophic phytoplankton possess CO2 concentrating mechanisms (CCMs) to increase the CO2 concentration at the Rubisco active site and overcome the supply limitation of CO2 [13]. Although it is generally accepted that OA could alleviate the CO2 limitation or/and downregulate the CCMs, which could save energy for other metabolic processes [14], laboratory studies show that ocean acidification has distinct effects on different species [15]. While photosynthesis buffers the effects of OA by forming a high pH micro-boundary and benefits from elevated CO2 at the cell surface [16] in the daytime, enhanced respiration stimulated by OA releases CO2, aggravating the acidic stress during the night period [17]. Thus, the observable effects of OA depend on the balance between the positive impacts of CO2 enrichment and the negative impacts of lowered pH [18].



Moreover, the effects of OA could also be modulated by other environmental factors. It has been shown that elevated pCO2 stimulates the quantum yield and growth rate of diatoms under low light, but under bright sunlight growth is inhibited and cells exhibit higher levels of nonphotochemical quenching [19]. In Emiliania huxleyi, elevated pCO2 enhances growth, regardless of the different levels of incident solar visible radiation, and high light exposure could offset the negative effects of OA on calcification [20]. In macroalgae, most species tested so far exhibited enhanced or unchanged rates of growth and/or photosynthesis under the influences of OA and high light [21]. However, the effect of OA on Synechococcus has been poorly documented, though there have been some studies on the interactive effects of OA with other stressors on growth and physiology, including temperature [22,23], nutrients [24], and light [25,26]. In the context of future climate changes, the global model predicts that Synechococcus will occupy a wider niche distribution with a 14% increase in cell abundance by the end of the century [1]. Given its ecological importance and wide distribution, it is necessary to further study this picophytoplankton group in response to the interaction between OA and light.



The Synechococcus sp. CB0101 used in the present work was isolated from Chesapeake Bay, where the nutrients, temperature, and light intensity are highly variable [27,28]. Carbon dioxide and light are necessary for photosynthesis, so understanding how the picophytoplankton respond to these two environmental stressors is important for understanding the function of Synechococcus in marine ecosystems. Considering that rapid mixing of the water column can expose Synechococcus to dynamic changes in light during the daytime, we hypothesized that it could tolerate high light levels but might show a differential response to the combined effects of elevated pCO2 (OA) and light intensity. Hence, in the present study, we manipulated various light levels and two pCO2 levels to mimic the dynamic environment to investigate the physiological performance of a strain of Synechococcus.




2. Materials and Methods


2.1. Cultures and Experimental Design


The culture of Synechococcus strain CB0101 was originally isolated from Chesapeake Bay [29]. Cells were grown in glass flasks at 23 °C under a 12:12 light and dark cycle (7:00–19:00) in an incubator (GXZ280, Jiangnan Instrument Factory, Ningbo, China) and kept in an exponential growth phase by regular dilution using autoclaved seawater enriched with Synechococcus medium (SN15 medium) [30]. The cultures were illuminated by cool white LEDs (400–700 nm) and conducted at six light intensities (25, 50, 150, 250, 400, and 800 μmol photons m−2 s−1), which were obtained by adjusting the distance from the light source and/or covering flasks with neutral density filters. The irradiance was measured with a Solar Light sensor (PAM2100, Solar light Co. Inc., Glenside, PA, USA).



Before inoculation, the culture medium was pre-equilibrated with 0.2–μm–filtered air with two pCO2 levels of 410 (outdoor ambient air, AC) and 1000 μatm (predicted for the end of the century, HC) respectively, which were generated with a customized CO2 enricher (CE100D, Ruihua Instrument & Equipment Co. Ltd., Wuhan, China). The elevated pCO2 level is based on the higher end of predicted values in the Representative Concentration Pathway 8.5 (RCP8.5) emission scenario [10]. Cells were continuously bubbled with the target pCO2 level during the experiment to ensure the stability of the seawater carbonate systems in cultures (Table S1). Triplicate cultures (400 mL) were exposed to each light and pCO2 combination.




2.2. Carbonate Chemistry System


To determine the stability of the carbonate system in cultures, pH was measured by a pH meter (Orion 2 STAR; Thermo Fisher Scientific. Inc., Waltham, MA. USA), which was three-point calibrated with standard National Bureau of Standards (NBS) buffer. Total alkalinity (TA) was measured by Gran acidimetric titration with a TA analyzer (AS-Alk1+, Apollo SciTech, LLC, Newark, NJ, USA). Other parameters of the carbonate system were derived from pHNBS and TA data with CO2SYS [31]. All the carbonate chemistry parameters are shown in Table S1.




2.3. Growth Rates


The cell concentration of cultures was monitored by a flow cytometer (CytoFLEX S, Beckman Coulter, Inc., Brea, CA, USA) following Bao and Gao [25]. The specific growth rate of each replicate was calculated from the logarithmic change in cell density, as described below.


μ = (ln N − ln N0)/(T − T0),



(1)




in which N and N0 are cell densities at times T and T0, respectively.



The non-linear fitting of specific growth rates to growth light levels was performed using the following formula [32]:


μ = μmax × e−α×PAR/μmax × eβ×PAR/μmax,



(2)




where PAR is the growth light intensity. The values of μmax, α, and β are the model parameters obtained by fitting the growth data to the double exponential function above, and indicate maximal growth rate, light use efficiency, and growth photoinhibition coefficient, respectively.




2.4. Chlorophyll a Content and Optical Absorption Cross Section


Cells were collected on GF/F filters (Whatman, UK) under low vacuum pressure (<0.01 MPa) and then extracted in pure methanol overnight at 4 °C in darkness. The supernatant after centrifugation at 6000× g for 10 min at 4 °C was scanned for absorbance at 665 and 750 nm by using a spectrophotometer (TU1810, General Analytical Co. Ltd., Beijing, China). The concentrations of chlorophyll a (Chl a) were calculated according to Ritchie [33].



The optical absorption cross section (a*) was determined by the quantitative filter technique [34]. The cell samples were filtered onto GF/F filters and scanned from 400 to 800 nm using a spectrophotometer equipped with an integrating sphere (Lambda950, PerkinElmer, Inc., Waltham, MA, USA). The same filters moistened with fresh culture medium were used as blanks. The absorption coefficient a*(λ) (m2 cell−1) normalized to cell [35] was calculated as


    a *  ( λ ) =       2.303     ·   [ OD ( λ )   −   OD ( 750 ) ]   ·   A    β    ·   V   ·   ( cell )    ,  



(3)




where the factor 2.303 converts from lg to ln and OD(λ) and OD(750) are the optical density of the samples at wavelengths λ and 750 nm, respectively. V (m3) is the filtration volume of the sample, ‘cell’ is the cell concentration, A is the measured interception area of filter (m2), and correction factor (β) accounts for the pathlength amplification parameter [35]. The mean absorption, ā*, was obtained by averaging over the spectrum from 400 to 700 nm for comparison among different treatments as follows


       a ¯   *  =  1  300     ∑   400   700     a *  ( λ )    Δ λ  



(4)







Furthermore, absorption spectra a*(λ) can be described by a series of Gaussian curves to obtain the equations of Gauss peak spectra for quantifying the constituents of optical absorption cross section [34,36], and thus calculate the relative contribution of different pigments to a*(λ) (Figure S2).




2.5. Chlorophyll a Fluorescence


The photochemical parameters were measured in the middle of the photoperiod within 2 h with a Multi-Color Pulse-Amplitude-Modulated chlorophyll fluorometer using blue (440 nm) to excite Chl a (Multi-color-PAM, Heinz Walz GmbH, Effeltrich, Germany). The saturation pulse was set at 5000 μmol photons m−2 s−1 and lasted for 800 ms. Effective photochemical quantum yield (ΦPSII), indicating photosystem II activity, was determined by measuring the steady-state chlorophyll fluorescence (Ft) and the instant maximum fluorescence (Fm’) under the growth-light-adapted state. The quantum yield was calculated according to the equation [37]:


Fv’/Fm’ = (Fm’ − Ft)/Fm’



(5)







The relative electron transport rate (rETR) of the cells under different treatments was assessed as: rETR = ΦPSII × PFD, where ΦPSII is the effective quantum yield at each actinic light intensity (PFD), ranging from 0 to 2855 μmol photons m−2 s−1 with a duration of 20 s at each step. The rapid light curve of rETR was fitted according to the model of Eilers and Peeters [38]:


rETR = PAR/(a × PAR2 + b × PAR + c),



(6)




where a, b, c are the model parameters. The photosynthetic light-harvesting efficiency (α), maximum electron transport rate (rETRmax), and light saturation point (Ik) were calculated from a, b, and c. (Figure S1)




2.6. Carbon Fixation Rates


Carbon fixation rates of cells were measured using the 14C method [22]. Approximately 20 mL of samples were dispensed into 25 mL borosilicate bottles and inoculated with 5 µCi (0.185 MBq) of labeled sodium bicarbonate (PerkinElmer, Inc., Waltham, MA, USA). After 2 h of incubation in the middle of the photoperiod under the respective experimental growth conditions, samples were immediately filtered onto Whatman GF/F filters under dim light. The filters were then placed in 20 mL scintillation vials, exposed to HCl fumes overnight, and dried at 60 °C for 5 h. Scintillation fluid (Hisafe 3, PerkinElmer, Inc., Waltham, MA, USA) was added to the vials before measuring the incorporated radioactivity with a liquid scintillation counter (Tri-Carb 2800TR, PerkinElmer, Inc., Waltham, MA, USA).




2.7. C and N Analysis


After the exponentially grown cells had been acclimated to the growth conditions for approximately 10 generations, samples for particulate organic carbon (POC) and particulate organic nitrogen (PON) were harvested onto pre-combusted (450 °C for 6 h) GF/F filters and stored at −80 °C until analysis. Filters were exposed to HCl fumes overnight to remove inorganic carbon and then dried at 60 °C for 12 h. The filters were packed into tin cups and analyzed with a CHNS/O elemental analyzer (Vario EL cube, Elementar Analysensysteme GmbH, Frankfurt, Germany).




2.8. Data Analysis


Two-way ANOVA was used with SPSS software (version 18.0) to determine the individual effects of pCO2 and light levels and their interactions. When p < 0.05, a Tukey test was conducted as a post hoc (One-way ANOVA) test to analyze significant differences among the treatments. All data were presented as the means ± SD of three independent cultures.





3. Results


3.1. Growth and Chl a


Two-way ANOVA analysis indicated there were significant individual and interactive effects of pCO2 and light on the specific growth rate of Synechococcus sp. CB0101 (Table S3, Two-way ANOVA, p < 0.001, p < 0.001, p < 0.001, respectively). After the 10 generations of acclimation at the two pCO2 levels and various light intensities, the growth rate of Synechococcus was lowest at 25 μmol photons m−2 s−1 (Figure 1). The growth of cells in both AC and HC treatments increased with the increased levels of light, peaking at 250 μmol m−2 s−1 (2.17 d−1 for AC, 2.06 d−1 for HC), and thereafter declined at light intensities above this optimal point. Compared to the highest growth rate at 250 μmol m−2 s−1, the growth rate at 800 μmol m−2 s−1 was decreased by 24% and 29% under AC and HC conditions, respectively (Tukey test, p < 0.001, p < 0.001). Growth rates were unaffected by HC up to 150 μmol photons m−2 s−1, but above this, HC resulted in a significant drop in growth rate, with a 5%, 8%, and 11% decline at 250, 400, and 800 μmol m−2 s−1, respectively (Tukey test, p = 0.001, p < 0.001, p < 0.001).



The Chl a content of Synechococcus decreased with increasing light levels under both AC and HC conditions (Figure 1, Table S3, Two-way ANOVA, p < 0.001). Compared with the AC treatment, elevated pCO2 only significantly enhanced Chl a content under 150 μmol photons m−2 s−1 (p = 0.022) but decreased the Chl a content by 12% (p = 0.005) and 31% (p < 0.001) under 25 and 800 μmol m−2 s−1 levels, respectively. In both AC and HC treatments, the Chl a contents at 800 μmol m−2 s−1 were 61% and 69% lower than that under the lowest light intensity, respectively (Tukey test, p < 0.001, p < 0.001).




3.2. Carbon Fixation


Similar to the growth rate, the photosynthetic carbon fixation rate per cell, measured at the growth light intensity, typically increased with light from 0.68 and 0.81 to a maximum of 4.46 and 2.85 fmol C cell−1 h−1 under AC and HC treatments, respectively, and then declined rapidly under the highest light intensity applied (Figure 2a). Under both AC and HC conditions, the carbon fixation rate at 800 μmol m−2 s−1 was significantly decreased by 50% and 51% compared with that of cells at 250 μmol m−2 s−1, respectively (Tukey test, p < 0.001, p < 0.001). Elevated pCO2 did not change the carbon fixation significantly up to 150 μmol photons m−2 s−1 but showed a significant decline in fixation rate by 39%, 46%, and 38% under 250, 400, and 800 μmol m−2 s−1, respectively (Figure 2a, Tukey test, p < 0.001, p < 0.001, p < 0.001). The photoinhibition coefficient (β) under AC (0.0044) was higher than that at elevated pCO2 (0.0025) (Table 1). The same trend with light was observed when the carbon fixation was normalized to Chl a content (Figure 2b).




3.3. Chlorophyll a Fluorescence


Although the interaction of pCO2 and light suggested a significant effect on effective quantum yield and α (Figure 3a,b, Table S3, Two-way ANOVA, p < 0.001, p = 0.022), there was no significant interaction of pCO2 and light on rETRmax (Figure 3c, p = 0.063). The increase in light intensity significantly reduced effective quantum yield and α (Table S3, Two-way ANOVA, p < 0.001), while elevated pCO2 enhanced the values at all the light levels (Two-way ANOVA, p < 0.001). rETRmax showed a similar pattern among different treatments as was found for growth, which increased with light and reached a plateau. In general, elevated pCO2 had significant positive effects on effective quantum yield, α, and rETRmax, suggesting that elevated pCO2 improved light absorption capacity. There were close correlations between carbon fixation or growth rate and rETRmax (Figure 4).




3.4. Optical Absorption Cross Section


Two-way ANOVA showed that pCO2 and light had significant individual and interactive effects on mean absorption, ā*, per cell between 400 and 700 nm (Table S3, Two-way ANOVA, p < 0.001, p < 0.001, p < 0.001). The ā* values ranged from 0.470 to 1.877 × 10−13 m2 cell−1 among these different treatments (Figure 5a). Under both AC and HC conditions, ā* showed a decreased trend with increasing light intensity. The contributions of each major pigment to a* obtained by Gaussian function analysis were different among culture conditions (Figure 5b,c). The contributions of Chl a ranged from 53% to 77%, while the contributions of PC decreased from 29% to 11% with increasing light under AC and HC conditions, respectively. In general, high light levels enhanced the relative contribution of Chl a but reduced the phycobilin contributions, which showed an increasing trend in Chl a/(PE + PC) ratio (Figure 5d). However, elevated pCO2 increased the relative contributions of total phycobilins under high light levels.




3.5. Cellular POC Content and POC


In both AC and HC treatments, POC decreased with increasing light levels, respectively (Figure 6a, Table S3, Two-way ANOVA, p < 0.001). The cellular POC content decreased by 40% and 27% at 800 μmol m−2 s−1 compared with 25 μmol m−2 s−1 under AC and HC condition, respectively (Tukey test, p < 0.001, p = 0.004). Elevated pCO2 decreased the cellular POC significantly only at 50 and 150 μmol m−2 s−1 (Tukey test, p = 0.002, p = 0.037). Similar to the cellular POC content, the cellular PON decreased with increasing light intensity in both HC- and AC-grown cells of Synechococcus (Figure 6b). The C:N ratio showed an increasing trend, ranging from 4.16 to 5.56, with light intensity. Elevated pCO2 only decreased the C:N ratio significantly by 14% at 800 μmol m−2 s−1 (p < 0.001). In addition, a significant interaction between pCO2 and light levels on the C:N ratio was observed (Figure 6c, Table S3, Two-way ANOVA, p = 0.002).





4. Discussion


Our findings demonstrated that the growth and carbon fixation of Synechococcus sp. CB0101 increased with light intensity up to an optimum, beyond which values decreased with increasing growth light. Synechococcus could decrease pigments and optical absorption cross section (mean absorption ā* per cell) to diminish energy uptake to protect the photosystems. Although elevated pCO2 improved the electron transfer rates (rETR), it exacerbated the depression of the carbon fixation and ultimately decreased the growth of Synechococcus cells under the high light intensities used, indicating a decrease in energy transfer efficiency under ocean acidification.



Synechococcus strain CB0101 has strong plasticity to light in its aquatic habitats with sharp fluctuations in light intensity exposure, retaining a high growth rate under high light intensity (Figure 1). It acclimates by changes in the contents of cellular constituents, such as proteins and pigments, or by state transitions, to cope with its variable growth light environment [39,40]. In this work, the Chl a content and ā* per cell of Synechococcus decreased rapidly with the increased light intensity under both ambient and elevated pCO2 levels (Figure 1 and Figure 5a). Cyanobacteria also change their light absorption coefficients and modify the composition of pigments during photo-acclimation (Figure 5b,c). Thus, under AC and HC conditions, the contribution of Chl a to a* increased gradually, whereas the phycobilin contributions declined with the increased light levels, resulting in an increasing ratio of Chl a/(PE + PC) (Figure 5d). The decrease in phycobilins reflects the reduction in phycobilisome antenna size. These changes effectively diminish energy uptake and play a protective role in the photosynthetic system, alleviating the potential for photoinhibition caused by high light [41].



Light is the primary energy source for cell metabolism in photosynthetic organisms. Photosynthesis uses light energy to generate ATP and NADPH, which are partly consumed with the conversion of CO2 as sugar to support metabolic activities [42]. Changes in the photosystem stoichiometry of cyanobacteria by adjusting the PS I/PS II ratio, or in the balance of electron flow between PS II and PS I, contribute to the optimization of photosynthetic efficiency to adapt well to different light regimes [42,43]. The effective quantum yield and light-use efficiency (α) of Synechococcus adapted to the prevailing light-growth conditions decreased with increasing growth light levels (Figure 3a,b), which could regulate and maintain the relative electron transport rates across optimal and supersaturated growth light levels (Figure 3c). On the other hand, photophysiological parameters such as effective quantum yield, α, and rETRmax were enhanced under elevated pCO2 (Figure 3). The fact that there was additional electron drainage (leading to a higher rETR) in HC-grown cells [25,44], which means a more rapid energy supply, suggests enhancement of CO2 assimilation and/or photorespiration. The results were further confirmed by the high carbon fixation rates with increased light levels, which have previously been shown in Synechococcus [26]. The electron transport rates showed a close correlation with carbon fixation and specific growth rates (Figure 4). Although HC treatment increased the electron transport rates, α values from growth vs. light curve, the slope of the correlation between electron transport rates and growth rates were lower under acidification than those in AC grown cells, suggesting that HC ultimately exacerbates the decrease in energy transfer efficiency (Table 1 and Figure 4).



Cyanobacteria such as Synechococcus also possess active CO2 concentrating mechanisms (CCMs) [45]. The energy saved by the downregulation of CCMs due to increased external CO2 availability is expected to promote carbon fixation and growth, especially with the limitation of energy generation under low light [19]. In this work, elevated pCO2 enhanced the carbon fixation rate of cells by 4–21% under low light (Figure 2a, Table S4), which is consistent with previous reports [22,46]. Although the allocation of energetic savings by CCMs downregulating is beneficial for Synechococcus, the lowered pH consequent on elevated pCO2 imposes additional energetic costs in cells to maintain cytosolic pH homeostasis and external acidic stress, which was aggravated during the night due to the higher respiratory CO2 release under HC condition [17,47,48,49]. Wu et al. [47] found that ocean acidification increased respiration by 30% to cope with the acidic stress in the diatom, resulting in respiratory carbon loss, which was consistent with 11–23% declines in the stoichiometry of cellular POC of Synechococcus at elevated pCO2 in our study, and thus reduced the growth rate compared to the AC treatment (Figure 1 and Figure 6).



The energy supply from electron transport (rETR) increased with increasing light intensity, up to a plateau, but the carbon fixation rate peaked and then declined, indicating that high light caused photoinhibition (Figure 2 and Figure 3c and Table 1). Meanwhile, elevated pCO2 along with light stress diminishes energy dissipation via carbon acquisition due to downregulated CCMs, which would bring about additional photodamage and lower energy transfer efficiency (Figure 4) [19]. Because intracellular Ci pools are decreased in HC-grown algae [50,51], photorespiration could be enhanced because of the high O2:CO2 ratio around the Rubisco active site [44,52], thereby competing with carboxylation. Although we did not measure photorespiration in this work, the depressed carbon fixation of HC-grown cells (Figure 2) under excessive light levels could be partially due to increased photorespiratory rate, reflecting a strategy by which Synechococcus increased its defense against elevated pCO2 by promoting energy dissipation under high light for sustaining the balance between carboxylation and oxygenation [44]. Due to the enhanced respiration, including dark and photo-respiration, caused by stressful light intensities [19], cellular POC and PON of Synechococcus eventually decreased with increasing moderate light intensities but levelled off at high light, even though the carbon fixation is relatively high under high light (Figure 2 and Figure 6). Under HC conditions, cellular POC and PON were not decreased significantly under high light (greater than 400 μmol m−2 s−1), despite the decline in growth rate (Figure 1 and Figure 6). However, POC and PON production rates declined under all light levels at elevated pCO2, which reduced the capacity for carbon and nitrogen export to the biogeochemical cycle in the ocean (Figure S3).



In general, our results indicate that Synechococcus CB0101 has a strong capacity for acclimation to light. The long-term cumulative effects should not be ignored given the high proportional contribution of Synechococcus to primary production [25]. Though increased pCO2 decreases the growth rate only slightly, it would greatly reduce the primary productivity of Synechococcus that supports carbon export in the ocean under high light intensities. While coastal and estuarine habits where Synechococcus CB0101 is found are predicted to be acidified faster due to anthropogenic eutrophication [11], rapid mixing of the water column can expose the cells to cycles of high and low light conditions during the daytime, modulating the negative impact of OA on its carbon production and biomass, and thus reduce the competitiveness of this Synechococcus strain to cope with the complex water environment. Although the present work showed the tolerance of Synechococcus to light and acidic stress, multifactorial experiments, including concomitant environmental variations of nutrients and/or temperature, are required to further clarify the complex effects on Synechococcus strains in a changing future ocean.




5. Conclusions


In this work, when the picophytoplankter Synechococcus sp. CB0101 was acclimated to an elevated pCO2 of 1000 μatm under different light levels, photosynthesis and growth were more inhibited at high light than under current ambient CO2. The future acidification induced by elevated pCO2 also significantly reduced cellular POC and PON, implying potential influences on biogeochemical cycles of C and N. While enhanced dark respiration and photorespiration could be responsible for the results, future work will investigate changes in the metabolic pathways responsible for the combined impacts of OA and high light on Synechococcus spp.
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Figure 1. Specific growth rate (μ) (circles) and chlorophyll a content (triangles) of Synechococcus CB0101 grown under different light levels combined with the ambient (AC, 415 μatm, the dotted line) or elevated pCO2 (HC, 1000 μatm, the solid line). The values are means ± SD of triplicate cultures. Different letters (uppercase for μ, lowercase for Chl a) indicate significant (p < 0.05) differences among the treatments. 
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Figure 2. Photosynthetic carbon fixation of Synechococcus per cell (a) or per Chl a (b) grown under different light levels combined with the ambient (AC, 415 μatm, the dotted line) or elevated (HC, 1000 μatm, the solid line) pCO2. The values are means ± SD of triplicate cultures. Different letters indicate significant (p < 0.05) differences among the treatments. 
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Figure 3. The effective quantum yield (ΦPSII) (a) and photosynthetic light-harvesting efficiency (α) (b), maximum electron transport rate (rETRmax) (c) of Synechococcus cells grown under different light levels combined with the ambient (AC, 415 μatm, the dotted line) or elevated pCO2 (HC, 1000 μatm, the solid line). The α and rETRmax parameters were derived from rapid light curves (see Figure S1 and Table S2). The values are means ± SD of triplicate cultures. Different letters indicate significant (p < 0.05) differences among the treatments. 
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Figure 4. Plots of carbon fixation rate (a) and growth rate (b) versus rETRmax of Synechococcus CB0101 grown under different light levels combined with the ambient (AC, 415 μatm, the dotted line) or elevated (HC, 1000 μatm, the solid line) pCO2. The values are means ± SD of triplicate cultures. There were close correlations between carbon fixation or growth rate and rETRmax. 
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Figure 5. The average optical absorption cross section (ā*) per cell (a), relative contributions ((b) for AC, (c) for HC) to ā* by different pigments, and the ratio of Chl a to phycobilins (d) in Synechococcus cells grown under different light levels combined with the ambient (AC, 415 μatm, the dotted line) or elevated (HC, 1000 μatm, the solid line) pCO2. The values are means ± SD of triplicate cultures. Different letters indicate significant (p < 0.05) differences among the treatments. 
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Figure 6. Particulate organic carbon (POC) (a) and nitrogen (PON) (b) and the C:N ratio (mol:mol) (c) of Synechococcus cells grown under different light levels combined with the ambient (AC, 415 μatm, the dotted line) or elevated (HC, 1000 μatm, the solid line) pCO2. The values are means ± SD of triplicate cultures. Different letters indicate significant (p < 0.05) differences among the treatments. 
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Table 1. The light harvesting efficiency (α) and photoinhibitory coefficient (β) of Synechococcus CB0101 grown under different light levels combined with ambient (AC, 415 μatm) or elevated pCO2 (HC, 1000 μatm), derived from the growth and carbon fixation curves at the growth intensity (Figure 1 and Figure 2a), respectively.
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Growth

	
Carbon Fixation




	

	
AC

	
HC

	
AC

	
HC






	
α

	
0.0246 ± 0.0006

	
0.0234 ± 0.0017

	
0.0146 ± 0.0028

	
0.0295 ± 0.0013




	
β

	
0.0010 ± 0.0001

	
0.0011 ± 0.0001

	
0.0044 ± 0.0010

	
0.0025 ± 0.0006
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