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Cyanobacteria-Dominated Phytoplankton in the Oligotrophic South China Sea Maintain Photosynthetic Potential Despite Diurnal Photoinactivation of PSII
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In the warm, oligotrophic oceans, phytoplankton frequently experience high light exposure and must compete for a potentially limited nutrient supply. Additionally, the light regimes are dynamic in view of the diel solar cycle, weather conditions, and depth. Dealing with these challenges is critical to their survival. Here, we explored, using active chlorophyll a fluorescence, the photophysiological responses of cyanobacteria-dominated phytoplankton assemblages to intra-day variations in the light regime in the oligotrophic South China Sea (SCS). Experiments were conducted at three stations (SEATS, DC2, and DC6) where phytoplankton communities were dominated by Prochlorococcus and Synechococcus, and environmental conditions were similar except for daytime light conditions. We found that, at each station, the maximum quantum yield of PSII (Fv/Fm) at dawn was as high as ∼0.5, although concentrations of both dissolved inorganic nitrogen and soluble reactive phosphate were below the detection limits. Subsequently, diurnal patterns of Fv/Fm diverged between stations. At stations DC2 and DC6, we observed significant drops (25–48%) of Fv/Fm around midday, coinciding with the incident solar photosynthetically active radiation (PAR) reaching over 2,000 μmol quanta m–2 s–1, but Fv/Fm was nearly stable at SEATS where the daily maximal PAR was less than 1,000 μmol quanta m–2 s–1. Further analysis suggests that the midday drops in Fv/Fm at DC2 and DC6 were a consequence of high light-induced PSII photoinactivation. On the other hand, we found that the patterns of diurnal variation in maximum relative electron transport rate (rETRmax) presented as being unimodal with a peak around midday at all three stations. Furthermore, we found that the diurnal pattern of rETRmax was mainly controlled by the extent of photochemical quenching (qP) which reflects the redox status of electron carriers downstream of PSII. In conclusion, our results indicate that, in the oligotrophic SCS, through increasing the activity of the electron-consuming mechanisms (high qP), the phytoplankton communities are able to maintain their midday photosynthetic potential (high rETRmax) even with a degree of PSII photoinactivation (low Fv/Fm).
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INTRODUCTION

Marine phytoplankton are responsible for approximately half of global net primary production (Field et al., 1998; Westberry et al., 2008; Zhao and Running, 2010). This production supports nearly all life in the oceans and substantially affects global biogeochemical cycles and climate. The distribution and abundance of marine phytoplankton, being spatially and temporally dynamic, are mainly controlled by such key environmental drivers as temperature, nutrients, and light (Falkowski and Raven, 2007). Light is, on the one hand, the driving force of photosynthesis, but on the other hand, excessive light can inhibit photosynthesis and present a threat to phytoplankton (Raven, 2011; Campbell and Serôdio, 2020). In the oceans, the light regimes to which phytoplankton are exposed are primarily determined by solar irradiance, and thus present as periodically variable, with diel and seasonal cycles. Superimposed on such regularity are chaotic and stochastic variations relating to meteorological conditions such as cloud cover, precipitation, and atmospheric aerosol concentration and composition. Moreover, as solar irradiance enters the marine system, it is further absorbed and scattered by seawater, dissolved organic materials and particles, including photosynthetic organisms. Thus, the light regime for phytoplankton can be highly variable on different time scales, driven by both predictable and unpredictable elements.

For photoautotrophs, the ability to perceive the variations in the light regime and properly adjust and respond to such changes is critical to their survival. Indeed, there are a number of physiological mechanisms to cope with light regime variations that occur on different time scales, such as non-photochemical quenching, adjustment of pigment composition and content, and altering the composition and concentration of other components of the photosynthetic apparatus (Müller et al., 2001; Dubinsky and Stambler, 2009). In this study, we focus on the intra-day adjustments and responses of the phytoplankton occurring on the surface of the northern South China Sea (SCS). The South China Sea, the world’s largest tropical marginal sea, plays important roles in regulating regional climate and biogeochemical cycles owing to its vast area and volume (Zhai et al., 2013). The shelf of the SCS is influenced by river inputs and is nutrient-rich. In contrast, its wide basin area is permanently stratified, depleted in surface nutrients, and contains low surface phytoplankton biomass (Tseng et al., 2005; Du et al., 2017), typical of the oligotrophic oceans. The surface phytoplankton community in the SCS basin area is dominated by pico-cyanobacteria, Prochlorococcus and Synechococcus, in the summer (Xiao et al., 2018). Due to its location in the tropical region, the incident solar radiation in the SCS was high, with surface photosynthetically active radiation at noon over 2,000 μmol quanta m–2 s–1 on a clear day (Xie et al., 2018). Additionally, intensively stratified upper layer in warmed regions constrains the vertical mixing path of phytoplankton close to the sea surface, thus exposing phytoplankton to a high level of solar radiation (Gao et al., 2012). Therefore, dealing effectively with high light exposure, combined with a limited nutrient supply is critical for their survival (Mella-Flores et al., 2012; Murphy et al., 2017; Xie et al., 2018).

Here, we explored the diurnal patterns of photophysiological characteristics of phytoplankton in the northern South China Sea. Through comparing results obtained at different stations, we tried to identify the key environmental factors determining the diurnal variations of photophysiological characteristics on the intra-day time scale and found that the surface phytoplankton community in the oligotrophic SCS were able to maintain photosynthetic potential even with PSII photoinactivation.



MATERIALS AND METHODS


Study Sites and Sampling

Our research was conducted during an oceanographic expedition to the northern SCS aboard the R/V Dongfanghong 2 in the summer of 2017 (July 11 – August 11, 2017). The northern SCS is characterized by warm (∼23–31°C), oligotrophic, and stratified surface waters, with the mixed layer depth being between 20 and 40 m during most of the year (Tseng et al., 2005; Li et al., 2020 and the references therein). The whole cruise consists of 63 water-sampling stations, and our experiments were carried out at three stations (SEATS, DC2, and DC6; Figure 1) where the research vessel remained on each station for more than 24 h (Table 1).
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FIGURE 1. Sampling stations in the northern South China Sea.



TABLE 1. Physical and chemical conditions at the sampling stations.

[image: Table 1]For nutrient measurements (see below), seawater samples were collected using a CTD-rosette equipped with 10 L acid-cleaned Niskin bottles. Hydrological parameters, including pressure, salinity, and temperature, were measured using a Seabird CTD. The mixed layer depth (MLD) was calculated from the temperature profiles, with the criterion being >0.8°C difference from the sea surface temperature (SST) (Kara et al., 2000). Additionally, surface seawater samples were collected with a 10 L acid-cleaned plastic bucket at different times of the day, then transferred to 10 L acid-cleaned polycarbonate carboys and immediately taken to the onboard laboratory for active Chl a fluorescence and phytoplankton pigment analyses (see below). The incident solar irradiance was measured by a portable LI-COR 2π PAR sensor (PMA2100, Solar light, United States). The PAR sensor is calibrated with a continuous solar irradiance monitor (SOLAR-2UV, TianNuo HuanNeng, China) which is set up on the roof of our experimental building and is routinely calibrated by the manufacturer. Additionally, we utilized satellite-measured daily PAR and a simple model to simulate the diurnal pattern of incident solar irradiance (Iqbal, 1983; Sung et al., 2015; see Supplementary Information for further details).



Nutrients

Nutrient concentrations were analyzed onboard using a four-channel, continuous-flow Technicon AA3 Auto-Analyzer (Bran+Lube, GmbH, Germany). The concentrations of dissolved inorganic nitrogen (DIN, nitrate + nitrite), soluble reactive phosphate (SRP), and silicate were measured using standard colorimetric methods. The limits of quantification for DIN, SRP, and silicate are 0.1, 0.08, and 0.16 μmol L–1, and the analytical precision was better than 1% for DIN, 2% for SRP, and 2.5% for silicate, respectively. More details are described in Han et al. (2012).



Phytoplankton Pigments

The concentrations of phytoplankton pigments were analyzed using high-performance liquid chromatography (HPLC). The sampling and analytical procedures for the HPLC analysis generally followed the protocol of Huang et al. (2010). Briefly, 6–10 L of seawater was filtered onto glass-fiber filters (diameter 25 mm, pore size 0.7 μm, Whatman GF/F). The filters were preserved in liquid nitrogen until analysis. The filter was submerged in 1 ml of N, N-dimethylformamide (DMF) for 1 h in the dark at −20°C. An aliquot (600 μL) of the DMF containing the extracted pigments was then mixed (1:1) with 1 M ammonium acetate. The pigments in the mixture after the removal of filter debris were analyzed using an UltiMate 3000 high-performance liquid chromatography system (Thermo Fisher Scientific, United States). The pigments were identified by the retention times and quantified using peak areas with standard curve calibration. Quantification was performed with standards purchased from DHI Water and Environment, Hørsholm, Denmark. Chemotaxonomic analysis was carried out using the CHEMTAX program (Mackey et al., 1996), which gave the proportions of nine phytoplankton classes [Dinoflagellates, Diatoms, Haptophytes (type 8), Haptophytes (type 6), Cryptophytes, Chlorophytes, Prasinophytes, Synechococcus, and Prochlorococcus]. Although CHEMTAX only allowed identification of Synechococcus and Prochlorococcus among cyanobacteria, neglecting other cyanobacterial genera should not affect our main results and conclusions, because their biomass is extremely low in this region (Tseng et al., 2015).



Active Chl a Fluorometry

Since we did not have access to the most widely used active Chl a fluorometry technique in field investigations, namely, fast repetition rate fluorometry (FRRf) (Kolber et al., 1998), which has a high measuring sensitivity that is best suitable for the low Chl a concentration found in large areas of the oceans, our variable fluorescence data were obtained using a Multiple Excitation Wavelength Chlorophyll Fluorescence Analyzer (multi-color-PAM, Walz, German). To satisfy the Chl a concentration requirement of the multi-color-PAM, phytoplankton cells were concentrated before measurement (Bailleul et al., 2017). Water samples (1,000 mL) were filtered through Nucleopore membrane filters (0.4 or 0.8 μm pore-size) by gravity or under a very low vacuum (<0.3 kPa). Cells were resuspended in 2 mL of the original seawater sample by soaking and gentle shaking in a 50-mL polypropylene centrifuge tube. The process was repeated two to four times. The cell enrichment procedure was typically finished within 0.5 h in the onboard laboratory where the temperature was similar to the SST of the study sites and light intensity during the enrichment process was <10 μmol quanta m–2 s–1. After cell enrichment, cells were kept in the darkness for 10 min. Keeping cells under low light intensity for 30 min (during the cell enrichment) and subsequently in the darkness for 10 min allows photosynthetic apparatus relaxation from potential non-photochemical quenching processes but not recovery from photodamage (Campbell and Tyystjärvi, 2012). Subsequently, the maximum quantum yield of PSII (Fv/Fm) was determined:
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where Fo and Fm are the dark-acclimated minimum and maximum fluorescence, respectively. The values of Fv/Fm reported in this study were within expected values (Suggett et al., 2009) and comparable to those reported in other research conducted in the northern SCS (Xie et al., 2018), so the process of cell enrichment appeared to not significantly affect the phytoplankton photophysiological characteristics. After measurement of Fv/Fm, the functional absorption cross-section of PSII was determined according to the procedures of Schreiber et al. (2012) and the manufacturer’s manual. The definition of the functional absorption cross section of PSII was introduced by Ley and Mauzerall (1982) and is used to quantify the light absorption and utilization potential of PSII. This parameter has been widely and readily measured using FRRf and is usually denoted as σPSII in the literature (Kolber et al., 1998; Suggett et al., 2009). The correct determination of the functional absorption cross section of PSII relies on the high time-resolution record of the fluorescence rise kinetics induced by strong light, which is achieved by FRRf and PAM using different approaches. Following the suggestions of the manufacturers of the multi-color-PAM (Schreiber et al., 2012), the functional absorption cross section of PSII determined by multi-color-PAM is denoted as Sigma(II) to highlight its difference from σPSII. In terms of data interpretation, Sigma(II) is only valid for the reference state in which it is measured and any changes of PSII efficiency occurring, e.g., during illumination are assumed to be covered by corresponding changes in the effective PSII photochemical efficiency, whereas σPSII changes during illumination (Schreiber et al., 2012).

Determination of relative electron transport rate (rETR) relied on measurement of effective photochemical efficiency of PSII(ΦPSII). ΦPSII was successively measured at eight levels of actinic light with intensity (E) being 0, 8, 26, 57, 113, 218, 350, and 508 μmol quanta m–2 s–1, respectively. Cells were allowed to acclimate to each light level for 3 min before ΦPSII measurements (Suggett et al., 2007):
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where Fm′ is the light-adapted maximum fluorescence and F′ is the stable fluorescence under actinic light. rETR at each actinic light level (E) was calculated as Ralph and Gademann (2005):
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The light response curve of rETR was analyzed according to the model proposed by Eilers and Peeters (1988):
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where a, b and c are parameters that were obtained through non-linear least squares regression using R (version 4.0.5). Photosynthetic parameters including light use efficiency (α), rETR maximum (rETRmax), and light saturation point (Ek) were calculated as:
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During the ΦPSII measurements, Fo′, the light-acclimated minimum fluorescence was also measured, based on which we calculated the light-acclimated maximum photochemical efficiency (Fv′/Fm′) and the photochemical quenching (qP) at each level of actinic light:
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From Equations 1, 8, 9, we can get:

[image: image]

Blue light (440 nm) was selected as the measuring light to obtain the active Chl a fluorescence data. Sample temperature in the fluorometer during the measurements was maintained at the corresponding in situ temperature using a US-T temperature control unit (Walz, Germany). Two independent samples were used for active Chl a fluorescence measurement at each time point.



Statistical Analyses

A Generalized Additive Model (GAM) was used to analyze the diurnal variations of PAM-derived parameters in which time was treated as the covariate and the PAM-derived parameter was treated as the dependent variable. This helps to highlight and compare the patterns of diurnal variations between stations. Additionally, to quantitatively compare the patterns of diurnal variation between stations, Pearson’s correlations were used. Because sampling time points were different between stations, the calculations of Pearson’s correlations were based on the values predicted by GAM. All statistical analyses were completed using R (version 4.0.5), and the core package was “mgcv” (version 1.8–34). Figure 1 was created using Ocean Data View (version 5.4.0), and other figures were created in R (version 4.0.5) using packages “ggplot2” (version 3.3.3), “ggpubr” (version 0.4.0), and “ggtext” (version 0.1.1).



RESULTS


Environmental Conditions of the Study Sites

Environmental conditions were similar among the three stations during the experimental period (Table 1). The sea surface temperature (SST) was ∼29°C, the sea surface salinity was ∼33.5, and the mixed layer depth (MLD) was less than 40 m across all three stations. The concentrations of both DIN and SRP in the surface waters were below the limit of quantification (0.1 μmol L–1 for DIN; 0.08 μmol L–1 for SRP), and the silicate concentration was about 2 μmol L–1 at all three stations. There existed, however, one readily noticeable and significant difference between different stations, that is, the weather conditions. At station SEATS, the experiment was conducted on a cloudy and rainy day with the daily maximum of surface PAR below 1,000 μmol quanta m–2 s–1, whereas experiments at stations DC2 and DC6 were carried out on sunny days with the surface PAR maxima higher than 2,000 μmol quanta m–2 s–1. This difference was also reflected in the values of daily PAR which were separately 30.37, 57.24, and 50.95 Einstein m–2 d–1 at stations SEATS, DC2, and DC6 (Supplementary Figure 1 and Supplementary Table 1).



Phytoplankton Pigments and Community Structures

The total Chl a (chlorophyll a + divinyl-chlorophyll a) concentrations of the surface waters were similar between stations, at a level of ∼0.1 mg m–3 (Table 1). The surface phytoplankton assemblages were dominated by Prochlorococcus and Synechococcus (Figure 2) regardless of station and sampling time, accounting for 63–81% and 12–31%, respectively, of the total Chl a. However, the diurnal variation of phytoplankton community structure at station SEATS (Figure 2A) was different from those at stations DC2 (Figure 2B) and DC6 (Figure 2C). Specifically, the phytoplankton community composition at station SEATS varied only slightly over the course of the diurnal cycle with no obvious pattern (Figure 2A), but at both station DC2 (Figure 2B) and station DC6 (Figure 2C), the proportion of Prochlorococcus increased gradually during the morning, reaching a daily maximum before noon and thereafter steadily decreasing until the end of the day. Additionally, highly negative correlations between proportions of Prochlorococcus and Synechococcus were detected across all stations (Pearson’s correlations were −0.90, −0.98, and −0.98 at SEATS, DC2, and DC6). The proportions of phytoplankton groups other than Prochlorococcus and Synechococcus were less than 9% regardless of sampling station and time (Figure 2).
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FIGURE 2. Diurnal variations of surface phytoplankton community structure at stations SEATS (A), DC2 (B), and DC6 (C).




Fv/Fm and Sigma(II)

The values of maximum quantum yield of PSII (Fv/Fm) showed no obvious difference at the beginning of the experiments between stations (∼0.5), but patterns diverged over the course of the day (Figure 3 and Supplementary Figure 2). At station SEATS (Figure 3A), Fv/Fm values fluctuated only slightly within the range of 0.48–0.57. However, at stations DC2 (Figure 3B) and DC6 (Figure 3C), Fv/Fm steadily declined in the morning and dropped to a daily minimum around 14:00 with values of 0.28 at station DC2 and 0.39 at station DC6. Subsequently, Fv/Fm in these two stations recovered and finally returned to values of ∼0.5 at the end of the experiments. Such similarity of diurnal variation patterns between stations DC2 and DC6 was also illustrated by the high correlation (Pearson’s correlation, 0.82), which is not found between SEATS and DC2 (Pearson’s correlation, −0.001) or SEATS and DC6 (Pearson’s correlation, −0.37).
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FIGURE 3. Diurnal variations of maximum quantum yield, Fv/Fm (A–C), and functional absorption cross section of PSII, Sigma(II) (D–F), of surface phytoplankton assemblages at stations SEATS (A,D), DC2 (B,E), and DC6 (C,F). Solid lines and dashed lines are predicted values from GAM with 1.96 times standard errors.


There were similar patterns of diurnal variations of functional absorption cross-section of PSII [Sigma(II)] across three stations (Figures 3D–F). During most of the daytime, the values of Sigma(II) were similar (∼6 nm2), but at around 14:00 the values of Sigma(II) were apparently higher than those measured at other time points. Such a Sigma(II) peak was more prominent at stations DC2 (Figure 3E) and DC6 (Figure 3F) (∼11 nm2) than at the station SEATS (∼7 nm2) (Figure 3D).



The Diurnal Variations of rETR

Over the course of the diurnal cycle, variations in the light dependence of rETR were observed at all stations (Figure 4). These variations were quantitatively described by the changes of the parameters rETRmax and Ek (Figure 5 and Supplementary Figures 3, 4). Generally, rETRmax increased after sunrise, reached maximal values around noon, and decreased afterward at all stations (Figures 5A–C). However, the timing of the peak and the magnitude of the diurnal variation of rETRmax were different between stations. At stations SEATS (Figure 5A) and DC6 (Figure 5C), the daily maximal value of rETRmax was observed at ∼12:00, but was observed at 10:00 at station DC2 (Figure 5B). In addition, the changing range of rETRmax was 30 ∼ 100 a.u. (arbitrary units) at stations SEATS and DC6, but the corresponding range was narrower at station DC2, varying between 40 and 80 a.u. The Ek showed similar patterns of diurnal variations at all stations, with values ranging between ∼50 and ∼200 μmol quanta m–2 s–1, and the daily maxima were all achieved at midday (Figures 5D–F). Additionally, only at station DC2 (Figure 5E), was a second peak of Ek found at around 16:00.
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FIGURE 4. Light curves of relative electron transport rate (rETR) of surface phytoplankton assemblages at stations SEATS (A), DC2 (B), and DC6 (C). Sunrise (05:30 ∼ 06:00), noon (11:30 ∼ 12:00), and sunset (17:30 ∼ 18:00) represent different timings for the measurements, respectively.
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FIGURE 5. Diurnal variations of maximum relative electron transport rate, rETRmax (A–C), and light saturation point, Ek (D–F), of surface phytoplankton assemblages at stations SEATS (A,D), DC2 (B,E), and DC6 (C,F). Solid lines and dashed lines are predicted values from GAM with 1.96 times standard errors.




Fv′/Fm′ and qP

Note that the values of Fv′/Fm′ and qP shown in Figure 6 and (Supplementary Figures 5, 6) and analyzed below were obtained under an actinic light intensity of 350 μmol quanta m–2 s–1 rather than in situ light intensity at each time point. Measured Fv′/Fm′ exhibited similar values at the beginning of the day at all three stations, but the subsequent diurnal variation patterns were different between stations (Figures 6A–C). At station SEATS (Figure 6A), Fv′/Fm′ increased in the morning, reached the daily maximum at around 13:30, and decreased gradually afterward. However, the values of Fv′/Fm′ at station DC2 (Figure 6B) decreased gradually after the first time point, dropped to a minimum at around 14:00, and then recovered afterward. At station DC6 (Figure 6C), the diurnal pattern of Fv′/Fm′ was similar to that at the SEATS station, except the daily maximum was reached earlier (at ∼10:00). The values of qP at stations SEATS (Figure 6D), DC2 (Figure 6E), and DC6 (Figure 6F) evolved during the daytime in a similar way. At the first time point (around 05:30∼06:00), qP values were around 0.4, gradually increased to approximately 0.8 at midday, and decreased afterward.
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FIGURE 6. Diurnal variations of light-adapted effective quantum yield of PSII, Fv′/Fm′ (A–C), and photochemical quenching, qP (D–F), of surface phytoplankton assemblages at stations SEATS (A,D), DC2 (B,E), and DC6 (C,F). Solid lines and dashed lines are predicted values from GAM with 1.96 times standard errors.




DISCUSSION

In the present study, we investigated the diurnal patterns of photophysiology of cyanobacteria-dominated phytoplankton at three stations in the northern SCS at which environmental conditions were similar except for the contrasting light regimes at the time of sampling. We could thus ascertain the effects of the light regime through the comparisons of the observations between stations.

The DIN and SPR were depleted (Table 1) and previous studies indicate that the primary limitation to phytoplankton growth in the northern SCS is the availability of nutrients (Lee Chen, 2005; Lee Chen and Chen, 2006), but the values of Fv/Fm at dawn were as high as 0.5 at all stations (Figure 3). Such values were comparable to or slightly less than those reported in laboratory experiments in which Prochlorococcus or Synechococcus were cultured with replete nutrient availability (Bruyant et al., 2005; Mella-Flores et al., 2012; Murphy et al., 2017). It has been shown that phytoplankton are able to maintain balanced growth and high Fv/Fm in a stable environment with continuously limited nutrient supply (Parkhill et al., 2001; Suggett et al., 2009). Therefore, our results indicated that although nutrient supply was limited, phytoplankton were likely under balanced growth.

Across the course of the day, Fv/Fm values at SEATS were relatively constant with the daily maximum of surface PAR being less than 1,000 quanta m–2 s–1, whereas we observed an obvious drop in Fv/Fm around midday with the maximum surface PAR exceeding 2,000 μmol quanta m–2 s–1 at DC2 and DC6 (Figure 2 and Table 1). Additionally, compared to station SEATS, the shallower MLD at stations DC2 and DC6 might also increase the mean light intensity received by phytoplankton within the upper mixed layer (Table 1). Decreasing Fv/Fm is a typical indicator of photoinactivation of PSII induced by high light, which is accompanied by the damage and degradation of the D1 protein in PSII (Ragni et al., 2010; Wu et al., 2011; Campbell and Tyystjärvi, 2012; McKew et al., 2013; Murphy et al., 2017; Ni et al., 2017; Campbell and Serôdio, 2020). In addition, salinity, nutrients, and pH of the seawater and the operation of photoprotective non-photochemical quenching (NPQ) under circadian clocks can also affect the value of Fv/Fm (Berman-Frank et al., 2001; Dijkman and Kromkamp, 2006; Fu et al., 2007; Suggett et al., 2009). During the experimental period, nutrient and salinity conditions were comparable between the three stations and Fv/Fm values at dawn were similar, so if the midday drop of Fv/Fm at stations DC2 and DC6 had been related to the salinity or nutrient status of phytoplankton cells (Behrenfeld and Kolber, 1999; Behrenfeld et al., 2006; Xie et al., 2018), we would have observed a similar phenomenon at station SEATS. Additionally, phytoplankton community structures were highly similar across three stations, so if a circadian clock or photoprotective NPQ had played a role, we also would have observed a similar midday Fv/Fm drop at station SEATS. Furthermore, keeping phytoplankton samples in low light and darkness before active Chl a fluorescence measurement should relax most of the photoprotective NPQ (Campbell and Tyystjärvi, 2012), which also suggests that photoprotective NPQ would not explain our observations. Although we did not measure the parameters of carbonate chemistry, previous studies indicate that these values would be similar across this region (Chen et al., 2006; Du et al., 2020), so the differences in the diurnal patterns of Fv/Fm are unlikely to be related to the seawater pH. However, phytoplankton cells at stations DC2 and DC6 were definitely exposed to higher light intensity. Therefore, we argue that decreasing midday Fv/Fm values at stations DC2 and DC6 were caused by high light, indicating photoinactivation of PSII. Compared to station DC6, light intensity was higher at station DC2, corresponding to the more intense photoinactivation (lower Fv/Fm around noon) found at station DC2 (Supplementary Table 1 and Supplementary Figure 1). Additionally, at both stations DC2 and DC6, daily minima of Fv/Fm slightly lagged behind the daily maxima of PAR, conforming with accumulative effects of photoinactivation (Supplementary Figure 1). Murphy et al. (2017), through laboratory experiments with Prochlorococcus and Synechococcus, showed that under low to moderate light, photoinactivation of PSII is mainly caused by absorbance of short-wavelength light (blue light and UV) by the Mn4Ca cluster in the PSII oxygen-evolving complex, whereas under high excitation pressure, ROS formation is the dominant mechanism leading to photoinactivation. As found in our results, under low to moderate light (at station SEATS), a relatively stable Fv/Fm might be a reflection of a balance between PSII damage and repair (no net photoinactivation), whereas under high light pressure (at DC2 and DC6), cells produced ROS not only can damage PSII directly but also inhibit repair process (Mella-Flores et al., 2012; Murphy et al., 2017), ultimately leading to net photoinactivation. Laboratory experiments indicate that compared to Synechococcus, Prochlorococcus is more susceptible to photoinactivation and invests fewer resources to repair of inactivated PSII, which might be a tradeoff for a high acquisition of nutrients (Mella-Flores et al., 2012; Murphy et al., 2017). Nevertheless, at both stations DC2 and DC6, Fv/Fm values recovered to about 0.5 around dusk, indicating the relief of photoinactivation. A midday drop in Fv/Fm on a clear day is recognized as a general phenomenon for natural phytoplankton communities living in the upper layer of the water column (Doblin et al., 2011; Xie et al., 2018; Schuback and Tortell, 2019; Xu et al., 2020).

Unlike Fv/Fm, Sigma(II) was relatively stable during most of the time at all three stations (Figure 2), though in another study conducted in the same area, light-acclimated σPSII′ (functional absorption cross section measured by FRRf) was negatively correlated to the incident irradiance intensity (Xie et al., 2018). Considering the difference in pre-treatment of samples (dark acclimation vs. no dark acclimation), such inconsistency suggests that the decrease in PSII functional absorption cross section induced by high light might be quickly reversed by dark acclimation. Such conjecture is consistent with the results from another study in which both dark-acclimated and light-acclimated σPSII were simultaneously measured (Schuback and Tortell, 2019). In this study, σPSII is relatively stable during the day and σPSII′ displays a midday minimum. In our study, superimposed on the mostly stable Sigma(II) were abnormally high values near noon at all three stations (Figures 2D–F), especially at stations DC2 and DC6. In addition to some unclear physiological basis for such phenomenon, we have to consider the possibility that the seemingly abnormal peaks at noon might relate to some technical issue. Because the intensive photoinactivation of PSII at noon makes the curve of fluorescence induction kinetics quite flat (data not shown), this might affect the calculation of Sigma(II) which relies on the model fitting of the curve.

Although cyanobacteria-dominated phytoplankton at stations DC2 and DC6 presented as being photoinactivated around noon, they also showed a midday peak of rETRmax as did the phytoplankton at station SEATS. Photosynthetic electron transport chains supply the reductant and energy for the dark reactions of photosynthesis, so the parameter, rETRmax, partially reflects the photosynthetic potential (Ralph and Gademann, 2005). Therefore, our results suggest that phytoplankton in the oligotrophic SCS could maintain photosynthetic potential even under the influence of photoinactivation of PSII. Additionally, based on Figure 4 and Equation 3, rETRmax directly reflects the ability of cells to maintain effective photochemical efficiency (ΦPSII) at high light. Furthermore, the value of ΦPSII can be decomposed into Fv′/Fm′ and qP (Equations 8–10). In the present study, the diurnal patterns of rETRmax were mainly controlled by qP rather than Fv′/Fm′ (Figures 5A–C, 6). At each study site, the diurnal variations of rETRmax mimicked those of qP, and the daily peak of rETRmax was amplified at stations SEATS and DC6 but offset and slightly advanced at station DC2 via changes in Fv′/Fm′. Higher incident solar irradiance at station DC2, which resulted in greater photoinactivation, might explain why the diurnal variations of Fv′/Fm′ at station DC2 were different from those at stations SEATS and DC6 (Figures 6A–C and Supplementary Figure 6). In terms of qP, higher values, generally, reflect a situation in which PSII downstream is in a more oxidizing state, which requires active electron-consuming reactions downstream of PSII, such as the dark reactions of photosynthesis (Falkowski and Raven, 2007). In Prochlorococcus and Synechococcus, the expression of the key carbon fixation enzyme, ribulose bisphosphate carboxylase/oxygenase (Rubisco), has been shown to be partially controlled by an endogenous circadian clock (Pichard et al., 1996; Wyman, 1999; Paul et al., 2000), especially for Synechococcus whose circadian clock can remain after cells are transferred to the continuous light regime (Pattanayak and Rust, 2014; Cohen and Golden, 2015). In addition to the dark reactions, other electron-consuming mechanisms may also contribute to the midday qP peak. These include components such as the plastid terminal oxidase (PTOX) and alternative oxidase (AOX) (McDonald and Vanlerberghe, 2005; Berg et al., 2011), whose activities also show a circadian rhythm. In addition, cyanobacteria are known for their ability to adjust the energy allocation between PSII and PSI (state transition) (Campbell et al., 1998). Several electron consuming processes rely on the operation of PSI (Mullineaux, 2014a,b), and PSI is more tolerant to high light than PSII (Tikkanen et al., 2014), so state transitions may play a role in maintaining the midday photosynthetic potential through channeling more energy to PSI. Overall, our results indicated that the rETRmax, a proxy for photosynthetic potential, presented as being unimodal with a peak around midday, which might be mainly controlled by endogenous circadian clock, and could maintain high values under the influence of high light-induced photoinactivation.

The rETRmax was interpreted as the photosynthetic potential here, but rETR is not necessarily proportional to O2 evolution or carbon fixation (Schuback et al., 2016; Schuback and Tortell, 2019). rETR is a simplified parameter quantifying the overall linear electron transport rate. From electron transport to carbon fixation, the existence of such electron consumption mechanisms as nitrate reduction, sulfate reduction and the water-water cycles (Mullineaux, 2014a,b; Raven et al., 2020) affect the ratio of electron transport to carbon fixation. The inconsistency between electron transport and carbon fixation might cause their patterns of diurnal variation to be different from each other (Schuback et al., 2016; Xie et al., 2018; Schuback and Tortell, 2019). In addition, both Prochlorococcus and Synechococcus contain diverse ecotypes/subclusters that show different niche adaptation (Rocap et al., 2002; Scanlan et al., 2009). Generally, in the SCS, the Synechococcus subcluster 5.2 dominates the coastal cyanobacteria community, and the high-light ecotypes of Prochlorococcus and the subcluster 5.1 of Synechococcus are the major ecotype/subcluster in the open water (Jing and Liu, 2012; Xia et al., 2015). However, there are spatially and temporally variations in the ecotype/subcluster composition (Jing and Liu, 2012; Xia et al., 2015; Singh and Bhadury, 2018). Therefore, concomitantly determining the ecotype/subcluster composition will improve our understanding of the diurnal patterns of phytoplankton photophysiological characteristics and its relationship to the ecotype/subcluster composition in the future.
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Station Longitude Latitude Date SST SSS  Weather Maximal Total Surface Surface DIN SRP at MLD

PAR Chl-a DIN SRP at 100 m 100 m
(°C) (wumol quanta (mgm3) (umolL-') (umolL-1) (wmolL-') (umolL-1) (m)
m-2s1)
SEATS 115.6°E 17.6°N  Jul 26,2017 29.5 33.6 Cloudy, rainy 1,000 0.129 BLQ BLQ 6.655 0.452 40
DC2 115.3°E 16.4°N  Aug 2,2017 28.2 33.5 Sunny >2,000 0.093 BLQ BLQ 9.921 0.643 33
DC6 114.5°E 156.1°N  Aug 4,2017 29.2 334 Sunny >2,000 0.108 BLQ BLQ 6.338 0.452 22

SST, sea surface temperature; SSS, sea surface salinity; DIN, dissolved inorganic nitrogen; SRP, soluble reactive phosphate; MLD, mixed layer depth.





