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Editorial on the Research Topic
 Microbial response to a rapidly changing marine environment: Global warming and ocean acidification, volume II





Introduction

Warming and acidification are representative of ongoing pronounced changes in the world's oceans today. Increasing sea water temperature adjusts basal metabolic rates or physiological status of marine organisms (Reid et al., 2019), and potentially forces some species to shift their distribution ranges (Benedetti et al., 2021). Ocean acidification results in physiological stress of organisms, inhibits their growth, and decreases biological calcification rates, although the degree and direction of these effects vary among taxonomic groups. For this Research Topic, we have focused on the responses of microbial communities. As a vital component of the marine ecosystem microbes play pivotal roles, not only in pathways of energy transfer through the food web but also in global biogeochemical cycles (e.g., Falkowski and Raven, 2013). This Research Topic was conceived to contribute to the understanding of present and future changes in microbial communities in recognition of ongoing warming and acidifying oceanic conditions.

The first volume of this Research Topic on Microbial response to a rapidly changing marine environment: Global warming and ocean acidification was launched in 2020 with a total of 10 articles published, covering the wide scope of physiological and ecological responses of diverse taxonomic groups to environmental changes in a range of geographic regions, as summarized in our Editorial (Yun et al., 2021). Due to the success of the first volume, we launched volume II of the Research Topic in 2021. We now add a total of 11 new fascinating articles of which many expand our knowledge on specific aspects of physiological responses to environmental changes. Several articles focused on the alterations of dissolved organic matter (DOM) by bacteria and algae under warming and acidifying conditions, and other works used ecological and model based approaches to examine spatio-temporal dynamics.



Overview of manuscripts in this Research Topic

Out of the 11 new contributions published, six are focused on the physiological or metabolic response of various microbial groups through field observations or laboratory trials. Billaud et al. demonstrated the effect of elevated seawater temperature on the expression of genes implicated in adhesion and biofilm formation on abiotic surfaces in a strain of Vibrio parahaemolyticus. The authors showed that increasing temperature triggers a rapid and transient expression of genes coding for adhesion to plastic surfaces and biofilm development, especially for free living cells. Liang et al. described the physiological and biochemical changes in Nannochloropsis oceanica in response to short- and long-term acidification conditions. They found that N. oceanica used specific mechanisms to adapt to acidification by regulating carbon and nitrogen metabolism, or changing cellular metabolic components (e.g., fatty acid synthesis). The composition, concentration, and production rates of phytoplankton pigments in the warming and oligotrophic Philippine Sea were investigated by Lee et al. They found that photosynthetic pigments had a significantly faster turnover rate at the surface to harness light energy to repair PSII subunits damaged by strong light. Their findings emphasized the importance of light conditions on phytoplankton physiology in warming ocean scenarios. The responses of phytoplankton photophysiology to nitrogen availability and light conditions at the Subsurface Chlorophyll Maximum (SCM) in the Arctic Ocean were described by Ko et al. The results showed a decrease in nutrient availability in the SCM reduces the photosynthetic activity and large size fraction of phytoplankton. They anticipated that alterations in nutrient flux and light conditions in the SCM in the future Arctic Ocean would be important for regulating phytoplankton photosynthesis and primary production. Calbet et al. presented the effect of thermal stress on the growth, ingestion, and respiration rates of three dinoflagellates. They discussed how the response of the different physiological rates to temperature is species- and strain dependent. The importance of distinguishing the effects of long-term adaptation vs. short-term acclimation of marine mixoplankton and protozooplankton to temperature was verified by Calbet and Saiz. They concluded that in protistan grazers, adaptation to temperature confers a selective advantage to warming within a narrow range (i.e., ca. +3°C). Attempts to adapt to much higher temperatures (i.e., +6°C) do not confer any clear physiological advantage within the temporal framework of their experiments (with few exceptions, e.g., the mixotroph K. armiger). Their work expanded our knowledge of protist response to predicted increases in ocean surface temperatures.

Other laboratory-based studies, discussed transformations of DOM derived from bacteria and algae under conditions of warming and acidification. For example, Liu et al. investigated the involvement of the bacterium Bacillus pumilus in the production and transformation of the DOM derived from cultures of the diatom Skeletonema dohrnii. The results showed that under higher temperature and partial pressure of carbon dioxide (pCO2) conditions, S. dohrnii-derived DOM was dominated by a protein-like signal, which slowly waned over time, becoming increasingly humic-like. Zhang et al. presented data from Synechococcous sp., culture experiments, with and without bacteria present, to examine changes in DOM pools at different temperatures. The results showed that warming could enhance the bioavailability of the Synechococcus derived DOM, which may be tempered by the involvement of heterotrophic bacteria. The study provided insight into preservation or persistence of the organic carbon pool in the oceans.

Two studies showed details of spatio-temporal dynamics and environmental drivers related to biogeochemical cycles. Kim et al. conducted in-situ observations of the temporal dynamics of carbon and nitrogen uptake rates by phytoplankton in Marian Cove, Antarctica. Their results showed that the strong temporal shifts in phytoplankton carbon and nitrogen assimilation were influenced by wind stress. The response of planktonic ciliate communities in the Pacific Arctic Region was presented in the study of Wang et al. The authors suggested that temperature, which is influenced by hydrographic conditions, has a significant role in determining the aloricate and tintinnid ciliate species composition, with Pacific microzooplankton communities moving north with North Pacific waters. Finally, a model was used to assess the impact of ocean acidification on the size-specific growth of diatoms. Zhang and Luo constructed a theoretical model to understand size-specific growth of diatoms under increasing CO2 scenarios. The model revealed a unimodal relationship between the simulated growth rate response (GRR) and cell size. The model further revealed that the “optimal” cell size corresponding to peak GRR increased with the magnitude of CO2 increase. This metric then diminished with higher cellular carbon demand, leading to a projection of the smallest optimal cell size in the equatorial Pacific upwelling zone. Their study proposed a competitive advantage for middle-sized diatoms, which could be useful in forecasting changes in the diatom community in future acidified high-CO2 oceans.



Conclusion

In recent years, global attention has been turned toward ocean warming and acidification. As a result, studies reporting effects of these environmental perturbations have proliferated, but most of these studies have focused on single marine organisms and fewer on ecosystems (Raven and Beardall, 2021). This Research Topic was aimed to address this imbalance, to showcase how warming and acidification may alter marine microbial ecosystem structure and function. The studies in this Research Topic and similar studies of microbial responses to rapid environmental changes will contribute to understanding general responses of marine ecosystems to global climate change, including warming and acidification. In volume II of this Research Topic, we explored some of the diversity of physiological and metabolic responses of microbes to changing temperature and carbonate chemistry. Taken as a whole, the articles that make up these two volumes have shown that ongoing and future changes lead to profound consequences for microbial communities.

The mechanisms and processes employed by microbial communities and specific microbes to respond to environmental changes or gradients are highly diverse and complex (Dang et al., 2019). Articles in the Research Topic indicated some of the pressing issues and questions related to microbial response to changing ocean conditions. We, the editors, hope that the two volumes of this Research Topic will form the basis of further discussions and will foster future cross-disciplinary research on the effects of global warming and ocean acidification on marine microbes and ecosystems. Finally, we would like to emphasize the importance of long-term surveys, systematic analyses, and modeling to identify biological responses, feedback, and interactions that will continue to improve projections of microbial and ecosystem responses to climate change.
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Heterotrophic bacteria are assumed to play an important role in processing of phytoplankton-derived dissolved organic matter (DOM). Although the algae-derived organic matter is commonly studied, the transformation and processing of DOM by epiphytic bacteria for phytoplankton have rarely been investigated, especially under warming and acidification. In this study, Bacillus pumilus is used to explore the ecologically important marine diatom Skeletonema dohrnii-derived DOM under different conditions (temperature, 27°C and 31°C; pCO2, 400 and 1,000 ppm), utilizing fluorescence excitation-emission matrix (EEM) combined with parallel factor analysis (EEM-PARAFAC). Fluorescence regional integration and the peak selecting method are used to generate B, T, N, A, M, and C peaks in the EEM fluorescence spectroscopy. The main known fluorophores including that protein-like components (peaks B and T), unknown components (peak N), and humic-like component (peaks A, M, and C). Our experimental results showed that under higher temperature and pressure of CO2 (pCO2) conditions, S. dohrnii-derived DOM fluorescence was dominated by a protein-like signal that slower waning throughout the experiment, becoming an increasingly humic-like substance, implying that processing by the epiphytic bacteria (B. pumilus) produced more complex molecules. In addition, spectroscopic indices (e.g., fluorescence index, biological index, freshness index β/α, and humification index) were changed in varying degrees. This study reveals and confirms the direct participation of heterotrophic bacteria in the transformation and generation of algae-derived DOM in the laboratory, underlining the influence of global warming and ocean acidification on this process.

Keywords: Skeletonema dohrnii-derived DOM, Bacillus pumilus, EEM-PARAFAC, fluorophores, spectroscopic indices


INTRODUCTION

The primary type of organic matter in the oceanic environment is phytoplankton-derived dissolved organic matter (DOM), which contributes to the world’s greatest carbon pool (662 Pg C) (Hansell et al., 2009, 2012). Diatoms, one of the most abundant and diverse groups of marine phytoplankton, contributing ∼20% of global primary productivity (Thangaraj and Sun, 2021). At a rate of 43 Tg per year, more than 90% of dissolved organic carbon (DOC) could be generated, playing an essential role in the global carbon cycle (Thornton, 2014). The vast majority of DOC is changed, resulting in recalcitrant DOC, which is then exported to the deep sea (Hansell et al., 2012).

For almost 200 million years, algae and bacteria have coexisted in aquatic environments (Falkowski et al., 2004). Heterotrophic bacteria are key biogeochemical regulators in aquatic systems. The majority of the DOM metabolism produced by algae enters the microbial cycle, where it provides carbon and nutrients to heterotrophic bacteria (Pomeroy et al., 2007). Meanwhile, the bioreactivity and chemical composition of DOM have changed during/after microbial utilization (Liu et al., 2021a). Heterotrophic bacteria link biogeochemical cycles together by decomposing and producing organic matter. Most organic carbon fixed by photosynthesis is consumed by heterotrophic bacteria (Del Giorgio and Duarte, 2002). According to one study, increased pCO2 will enhance vertical carbon flux (Siu et al., 2014), while another suggested that bacteria with high pCO2 and temperature conditions have increased rates of polysaccharide degradation, protein production and enzymatic activity (Grossart et al., 2006). In brief, marine bacterioplankton play an important part in the carbon cycle. On the other hand, carbon consumption and transport rates of heterotrophic bacteria govern the efficacy of carbon sequestration in the ocean (Fuhrman, 2009).

The temperature and CO2 concentrations have increased rapidly since the onset of the industrial revolution, led to global climate change (Meehl et al., 2007). Seawater, on the other hand, is becoming progressively acidified due to oceanic absorption of atmospheric CO2 (Meehl et al., 2007; Pachauri et al., 2014). Marine ecosystems are particularly sensitive to environmental changes, as species are stressed by both warming and ocean acidification (Riebesell et al., 2018). The mean sea surface temperatures are forecast to rise by 4°C by the end of the twenty-first century, while CO2 levels in the atmosphere are expected to treble (Meehl et al., 2007). The creatures and processes in the seas will surely suffer as a result of these cumulative impacts (Thangaraj and Sun, 2021). Ocean acidification and warming are seen as severe threats to the marine species (Stocker et al., 2014). Previous studies reported that ocean warming and acidification affect the physiological and biochemical state of diatoms (Thangaraj and Sun, 2020), but also have an impact on their photosynthesis and metabolism (Thangaraj and Sun, 2021). The potential response of the algae varies to the extent that the effect of bacterial utilization and transformation of algae-derived organic matter is uncertain. However, very few snapshots are available on the use of algae-derived organic matter by unibacteria under warming and acidification, let alone the combined effects of both factors.

Excitation-emission matrix (EEM) fluorescence spectroscopy is prevalent approaches for analyzing organic matter due to the vast quantity of visual maps, and three-dimensional information it gives (Rodríguez-Vidal et al., 2020). Recently, EEM spectroscopy combined with parallel factor analysis (PARAFAC) have been frequently employed to the characterization of DOM due to its remarkable sensitivity and selectivity (Lin et al., 2021; Liu et al., 2021d). Protein- and humic-like fluorophores have been found in previous studies, and their peak locations in EEM spectroscopy make it straightforward to distinguish between them (Coble, 1996; Coble et al., 1998).

In this study, we used single bacteria (B. pumilus) to investigate the role and preference for S. dohrnii-derived DOM under warming and acidification conditions. Our research builds upon laboratory-based studies over the 30-day timespan. We examined the characteristics of fluorescent organic matter by using EEM-PARAFAC methods. In addition, using different parameters (e.g., bacteria abundance, DOC, pH, fluorescence indices, peaks, and components) to further characterize the variation in organic matter via the processing of different bacterial under warming and acidification. We hypothesized that the DOM characteristics should be significantly correlated with bacterial utilization and transformation, and that they would exhibit different patterns.



MATERIALS AND METHODS


Skeletonema dohrnii Culture Conditions

Marine diatoms (e.g., Skeletonema spp.) are widely distributed in offshore China, especially, S. dohrnii have been found and isolated in China’s Yellow Sea coastal waters, and subsequently preserved in our laboratory. S. dohrnii cells were pre-cultivated and transferred in artificial seawater (ASW) medium. The cultivation was conducted at 25°C with a light intensity of 100 μmol photons m–2 s–1 and a 14:10 h light:dark cycle. The cells were grown at least for three generations before the initiation of the experiment.



Isolation and Identification of Epiphytic Bacteria

Epiphytic bacteria was isolated from the degradation growth stage of microalgae by gradient dilution method. The 2216E agar plates were used to isolate epiphytic bacteria, which cultured in transparent conical flasks (500 mL) in a shaking incubator (26°C, 150 rpm). To identify the epiphytic bacteria, the genomic DNA of bacteria was extracted by TIANamp Bacteria DNA Kit (Tiangen-Biotech, Beijing, China). For polymerase chain reaction (PCR) amplification of the 16S rDNA V3 region, a universal bacterial primer was used. The phylogenetic tree (Neighbor-Joining tree, N-J tree) was constructed using the bacteria sequences and closest related sequences from GenBank, and the genetic distances were calculated. Based on the results of analysis, the isolated bacterial strains (CA-35) shared 66.67% sequence identity to the valid species (Bacillus pumilus) from GenBank.



Biochemical Characterization of Bacteria

The isolated positive colonies were identified by Gram staining reaction and biochemical tests (including arabinose test, glucose test, maltose test, urease test, Vogues Proskauer test, nitrate reduction test, starch hydrolysis test, aesculin test, 7% NaCl test, and pH 5.7 test).



Flow Cytometry of B. pumilus Abundance

The strains B. pumilus was cultured in 500 mL transparent conical flasks with pre-combusted (450°C, 5 h). As described in previous studies (Moens et al., 2016), the abundance of B. pumilus cells was measured by Accuri C6 flow cytometer (BD Biosciences, Erembodegem, Belgium). 0.01% SYBR Green I was applied to the sample to stain it for 30 min in the dark at 37°C. As an internal standard, 1 μm fluorescent beads (Polyscience, Warrington, PA, United States) were injected into each sample. Then, the samples were measured at a flow rate of 0.25 μL s–1 for 1 min.



Measurements of Dissolved Organic Carbon and pH

To avoid any carbon contamination, all glass materials were acid washed, rinsed with ultra-pure water, and precombusted (450°C for 5 h). A total organic carbon analyzer (TOC-3100, Germany) was used to detect the dissolved organic carbon (DOC). All DOC samples were gravity filtered using the GF/F glass fiber filters (0.7 μm pore size, 47 mm diameter, Whatman). GF/F glass fiber filters can be cleaned by high temperature combustion and can filter sufficient sample volumes without clogging, thus reducing potential sources of contamination. The pH variation of culture was measured using pH meter (Lab 850, SCHOTT Instruments).



Skeletonema dohrnii-Derived Dissolved Organic Matter Collection and Experimental Setup

Skeletonema dohrnii cells were cultivated in ASW medium, and after reaching the degradation growth phase [algal concentration was around (4.07 ± 0.02) × 107 cells L–1]. Microalgae liquid was filtered through a 0.2 μm polycarbonate membrane (Millipore, United States) to remove the particles. Then, the filtrate was regarded as the DOM fraction placed in 1 L conical flask with pre-combusted (450°C, 5 h).

To assess the effects of warming and acidification on the transformation of algae-derived DOM by epiphytic bacteria. Two different temperature (27 and 31°C) and pCO2 (400 and 1,000 ppm) conditions were used in this work. The following four treatments were set up: (i) 27°C and 400 ppm (low temperature and low carbon, LL), (ii) 27°C and 1,000 ppm (low temperature and high carbon, LH), (iii) 31°C and 400 ppm (high temperature and low carbon, HL), and (iv) 31°C and 1,000 ppm (high temperature and high carbon, HH). B. pumilus were grown in above different growth conditions, which were gently bubbled with CO2, and the gas-flow rate (0.5 L/min) was controlled using a Bronkhorst mass flow controller. In addition, the initial abundance of B. pumilus in each treatment group was approximately (8.51 ± 0.02) × 109 cells L–1. All experiments were carried out in triplicate and under dark conditions.



Excitation-Emission Matrix Combined With Parallel Factor Analysis Modeling

The fluorescence spectrophotometer (Hitachi F-7100, Tokyo, Japan) was used to take three-dimensional fluorescence spectroscopy measurements. The photomultiplier tube’s voltage was set at 700 volts. Excitation (Ex) from 200 to 400 nm and emission (Em) from 250 to 550 nm were identified in successive scanning of fluorescence spectra. The scanning speed was adjusted at 8,000 nm min-1 and the Ex and Em slits were kept at 5 nm. Instrument adjustments were carried out the procedure recommended by the Hitachi F-7100 instruction manual. To eliminate the majority of the Raman scatter, each samples spectroscopy was blank subtracted using ultra-pure water. After that, Raman calibration was performed based on literature (Lawaetz and Stedmon, 2009), and Rayleigh scatter (1st and 2nd order) effects were removed using the manufacturer correction procedure. A PARAFAC analysis was conducted in Matlab 2018b (Mathworks, United States) with the DOMFluor toolbox (Stedmon and Bro, 2008).

Every component model may be tested using a split-half analysis residual analysis, and loadings to provide correct information about fluorescence components. All fluorescence components were described using water Raman units (RU). Fluorescence intensity arbitrary units (a.u.) were utilized to fluorescence peak intensity. Spectroscopic indices were further derived from the EEMs: fluorescence index (FI) is often used to indicate the origin of the DOM. Biological index (BIX) is a measure the degree of autochthonous pollution. The β/α (a ratio of two known fluorescing components, i.e., freshness index), and humification index (HIX) showed the humification degree (Parlanti et al., 2000; McKnight et al., 2001).



Statistical Analysis

The correlation analysis and DOM associated parameters were obtained using the “corrplot” package in RStudio. To rigorously define the significance, the difference was determined significant at the levels of p < 0.05, p < 0.01, and p < 0.001. The measured value of the data is represented by the mean ± standard deviation (SD).




RESULTS


Bacterial Abundance, Dissolved Organic Carbon Concentration and pH

The abundance of B. pumilus strain growth in different treatment groups is shown in Figure 1. The initial abundance of B. pumilus was around (8.51 ± 0.02) × 109 cells L–1 in every treatment groups. The B. pumilus abundance changed at 30 days in all conditions (Figure 1A). However, there were several differences for the abundance of these treatments. LH and HH achieved higher abundance of up to (13.52 ± 0.07) × 109 and (13.08 ± 0.05) × 109 cells L–1, respectively. LL and HL had moderate abundance of (11.48 ± 0.04) × 109 and (11.94 ± 0.08) × 109 cells L–1, respectively. This suggests that the significant increase of B. pumilus abundance was caused by elevated temperature and pCO2. The initial DOC concentration was (0.52 ± 0.03) mg L–1 for the DOM treatment groups and increased at the end of the 30-day period (Figure 1B). The largest DOC increase occurred in the HH group, which rose by (0.82 ± 0.03) mg L–1 DOC over the 30-day period. There were significant differences between each treatment group. The initial pH value of the sample was 8.07 ± 0.02 (Figure 1C). At the end of the experiment, the pH increased in LL and HL groups, conversely, decreased in LH and HH groups as a result of acidification.
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FIGURE 1. Changes in (A) bacterial abundance, (B) DOC concentration, and (C) pH under warming and acidification conditions. Initial, initial value; LL, 27°C and 400 ppm; LH, 27°C and 1,000 ppm; HL, 31°C and 400 ppm; HH, 31°C and 1,000 ppm. All data are presented as mean ± SD (n = 3). Error bars represent the standard error for duplicate cultures. Different letters (e.g., “a,” “b,” “c,” “d,” and “e”) represented significant difference (p < 0.05), as determined by a one-way analysis of variance (ANOVA).




Identification of Bacterial Isolate and Biochemical Characterization

The culture labeled as CA-35 was identified as Bacillus pumilus (accession number SRR17041859) based on nucleotide homology and phylogenetic analysis. It was found that the strain CA-35 was Gram-positive rod. Results of various biochemical characteristics of CA-35 was shown in Table 1. The result shows that arabinose, glucose, 7% NaCl, malonate, starch hydrolysis, aesculin, pH 5.7 were positive at the initial phase of the experiment. The individual treatment groups showed different results under different incubation conditions. By contrast, warming and acidification caused changes in some characteristics such as arabinose, glucose, maltose, Voges-Prosk test.


TABLE 1. Physiological and biochemical characteristics of B. pumilus under warming and acidification conditions.
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Fluorescence Components

All DOM samples collected from the four different treatments were modeled and analyzed with EEM-PARAFAC. In this study, all of the components’ spectral properties were compared to those previously reported in PARAFAC components (Table 2). As shown in Figure 2, one individual component (peak T, tryptophan-like) was identified by the PARAFAC analysis at initial stage. All components (protein-, tryptophan- marine humic-, and humic-like components) in this study have been successfully matched in the OpenFluor database. Component 1 (including A1, B1, C1, and D1; Figure 2) has two fluorescence peaks, located at the Ex/Em wavelength pairs of 225/300–400 and 275/300–400 nm, respectively (Coble, 1996; Coble et al., 1998). Similarly, double peaks have been found in other components. Component 2 (including A2, B2, C2, and D2; Figure 2) was distinguished as marine humic-like components (Ex/Em = 235 and 340/400 nm) (Yao et al., 2011). A humic-like component (peak A, Ex/Em = 250 and 325/425 nm) (Stedmon et al., 2003; Yamashita et al., 2011) associated to terrestrial substances was given to Component 3 (including B3, C3, and D3; Figure 2). Component 4 (including D4; Figure 2) corresponded to humic-like fluorescence (peak C, Ex/Em = 260 and 350/458 nm) (Yamashita and Tanoue, 2008).


TABLE 2. EEM fluorescence spectral features attributed to various organic matter sources.
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FIGURE 2. EEM plots of the fluorescence components identified by PARAFAC model. Initial, initial component and intensity; (A1–A2), LL group; (B1–B3), LH group; (C1–C3); HL group; (D1–D4), HH group. Different scales of Raman units (RU) are used to characterize the fluorescence intensity.




Fluorescence Indices and Peaks

The fluorescence index was further used as a parameter indicating changes in fluorescence characteristics (Figure 3). The origin of DOM is identified via FI. The three treatment groups had similar values for FI, which had no obvious change under warming and acidifying conditions. The freshness index was also calculated, with the β peak representing newly produced DOM and the α peak representing more decomposed DOM. All of the samples had β/α values between 1.12 and 1.16, whereas LL had maximum values of 1.16. For BIX, the values are almost appropriate (i.e., 1.28–1.32). The HIX is an indicator of how much organic matter has degraded. There are varying degrees of alteration in the degree of humification, especially in HH group.
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FIGURE 3. Changes in fluorescence indices under warming and acidification conditions. (A–D) Represent FI, BIX, β/α, and HIX respectively. Initial, initial value; LL, 27°C and 400 ppm; LH, 27°C and 1,000 ppm; HL, 31°C and 400 ppm; HH, 31°C and 1000 ppm. All data are presented as mean ± SD (n = 3). Error bars represent the standard error for duplicate cultures. Different letters (e.g., “a,” “b,” “c,” and “d”) represented significant difference (p < 0.05), as determined by a one-way analysis of variance (ANOVA).


The fluorescence intensity of the peaks was altered in all treatment groups after 30 days of incubation (Figure 4). Peak B (protein-like) and peak T (protein-like) maintained a high fluorescence intensity (3,000–4,000 a.u.) in the initial phases, with a similar degree of variation for treatment groups. There was minimal fluorescence intensity in the LL group, suggesting that warming and acidification slowed bacterial consumption of protein-like substances. Additionally, peak N, an unknown component, followed a similar trend to peaks B and T, with generally lower values for all treatment groups. For peak A, acidification resulted in a reduction in the fluorescence intensity of the like-humic substances (i.e., LH and HH groups). However, the fluorescence intensity of peak M (like-humic) decreased and the warming slows down the utilization efficiency of peak M (i.e., HL and HH groups). The only difference is that the fluorescence intensity of peak C (like-humic) is generally increased in all groups.
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FIGURE 4. Changes in fluorescence peaks (peaks B, T, N, A, M, and C) under warming and acidification conditions. (A–F) Represent peak B, peak T, peak N, peak A, peak M, and peak C respectively. Initial, initial value; LL, 27°C and 400 ppm; LH, 27°C and 1,000 ppm; HL, 31°C and 400 ppm; HH, 31°C and 1,000 ppm. All data are presented as mean ± SD (n = 3). Error bars represent the standard error for duplicate cultures. Different letters (e.g., “a,” “b,” “c,” “d,” and “e”) represented significant difference (p < 0.05), as determined by a one-way analysis of variance (ANOVA).





DISCUSSION

Phytoplankton-DOM (especially autochthonous DOM) is a highly more bioavailable and high-molecular-weight DOM (Hama and Yanagi, 2001). Heterotrophic bacteria prefer phytoplankton-derived DOM over terrestrial DOM as a substrate for catabolic activities when both are present (Kritzberg et al., 2004). A number of previous cultivation experiments have studied the dynamics of phytoplankton-derived DOM observed with carbon and nutrient additions (Romera-Castillo et al., 2010; Goto et al., 2017, 2020). It has also been shown that phytoplankton produce different characteristics of DOM under different conditions (Liu et al., 2021a,c). In order to better investigate the transformation of DOM by B. pumilus, S. dohrnii-derived DOM was used as the sole carbon sources. In addition, previously published data demonstrated that the characteristics of DOM produced by S. dohrnii are relatively single (Liu et al., 2021a,b). In this study, we have isolated and identified the epiphytic bacteria (B. pumilus) of S. dohrnii. We collected the S. dohrnii-derived DOM in the degradation, because of its enriched fluorescence characteristics and high fluorescence intensity. The results showed that S. dohrnii-derived DOM fluorescence is predominantly protein-like, which gradually becomes more and more humic-like within 30 days. This suggests that the B. pumilus transformed S. dohrnii-derived DOM into more complex substance under increasing temperature and acidification. Together, the present study highlights that warming and acidification affect the effectiveness of bacterial transformation of DOM.


Regulation of Phytoplankton-Derived Dissolved Organic Matter by Bacteria

According to Boyce et al. (2010) reported, total phytoplankton abundance is rapidly declining as a result of warming, with diatoms being the most impacted category (Toseland et al., 2013). Under stressed conditions like as warming, acidification, and nutrient scarcity, phytoplankton releases large amounts of DOM. Bacterial abundance was inversely proportional to phytoplankton abundance under these circumstances. Warming has been demonstrated to favor bacterial growing, which might be owing to two factors: (1) the favorable effect of temperature on bacteria, with more bacterial cells at higher temperatures (Apple et al., 2006), and (2) the availability of more enriched DOM for bacteria. Put simply, phytoplankton produces labile DOC, which heterotrophic bacteria can convert to recalcitrant DOC (Stoderegger and Herndl, 1998). Previous investigations have shown that the addition of pCO2 had considerable impact on overall bacterial abundance (Baragi and Anil, 2016). However, in this study, algae-DOM was employed as the only carbon source and the LH group showed a relative increase in bacterial abundance. This is likely because high pCO2 only slowed the rate of increase in bacterial abundance, but did not limit/inhibit it. Besides, the increase in B. pumilus abundance might be attributed to the effect of decreased pH, which increases respiration, as a result, the metabolic and energy cost of bacteria (Siu et al., 2014).

In the present study, a fixed amount of S. dohrnii-derived DOM was added at the initial phase. A considerable portion of the bioavailable fraction of DOM was reduced by bacterial respiration and absorption. However, the DOC concentration showed a distinct increase, suggesting that DOM components were transformed by bacteria to produce new DOC (i.e., production was higher than consumption) under warming and acidification. The DOM can be used as a substrate for remineralization of carbon by heterotrophic microorganisms. Microorganisms use enzymes to catalyze DOC into smaller molecules that can be transported to the environment through bacterial cell membranes (Arnosti, 2011). The organic carbon is subsequently absorbed into the biomass or expelled as DOC as metabolic products (Arnosti, 2011). This provides a new perspective for observing the transformation process of diatoms-derived DOM by epiphytic bacteria.



Excitation-Emission Matrix Combined With Parallel Factor Analysis Components

To further understand the characteristics of DOM fluorophores, we built models with components and used a split-half analysis to validate them all. Four fluorescent components, including typically occurring protein- and humic-like components, were detected in S. dohrnii-derived DOM samples (Figure 2). At the initial phase, protein-like components (peak B and T) were detected. For example, peak T is typically connected to autochthonous tryptophan-like compounds, amino acids, and proteins. In aquatic ecosystems, peak T usually represents the proteinaceous material produced by phytoplankton and bacteria. Moreover, the presence of visible components (peak T) could be attributed by energy transfer to tryptophan and quenching by adjacent groups suppressing tyrosine fluorescence (Lakowicz, 2013). Some of the components have previously been related to high molecular weight and aromatic humic material characterized as peaks A, M, and C in the literature (Wünsch et al., 2015).

All treatment groups essentially produced two-peak patter dominated by discrete S. dohrnii-derived DOM fluorophores, indicating that different compounds, such as protein- and humic-like have been described in the algae-DOM. Several studies have shown that protein peaks (e.g., tryptophan-like) are dominant in phytoplankton growth (Stedmon and Markager, 2005; Jørgensen et al., 2011; Liu et al., 2021b). In previous studies (Kinsey et al., 2018; Liu et al., 2021a), DOM produced in phytoplankton showed similar fluorescence patterns to presented here. As reported by Fukuzaki et al. (2014), the DOM spectra of algal cultures have also been studied. Although the DOM fluorophores are different, the DOM patterns produced are generally similar. The current results show that bacteria use and transform DOM to obtain different fluorescent components. Under elevated temperature and acidified conditions, more fluorescent components were identified, indicating that certain physicochemical characteristics of the bacteria were affected (Table 1), further leading to altered DOM utilization by the bacteria and more humic substances being produced.

In the current study, results showed that the fluorescence values of peak C increased on the whole, while peaks B, T, N, A, and M decreased comparably to the initial value. It suggested that the epiphytic bacteria utilize DOM, which leads to the increase of bacterial abundance, and then the DOM is transformed into recalcitrant DOM and gradual accumulation by epiphytic bacteria. It is noteworthy that on the time scale of deep ocean circulation, these humus-like substances have proven to be recalcitrant, whereas only a small fraction of humic-like substances were biodegradable (Catalá et al., 2015). Besides, the generally low fluorescence in the open ocean suggests that the degradation experiments were conducted over a longer period time than our and other studies (Gruber et al., 2006; Fukuzaki et al., 2014). Indeed, a prior study found that a single strains is incapable of entirely degrading high molecular weight DOM compounds, meaning that multiple bacterial species must work together (Horemans et al., 2013). Briefly, the utilization and transformation of DOM by a single bacterium take much longer.

The spectroscopic index provided a clear insight into the process of DOM-related substance changes. The values of FI were all greater than 1.8, demonstrating that bacteria were primarily responsible for the fluorescence component of DOM transformation and production (Lavonen et al., 2015). In aquatic ecosystems, BIX could be used as a measurement of DOM traceability, with larger values indicating more DOM degradation. The significant changes in β/α and BIX values over a short period of time indicated that endogenous carbon products are most likely produced through bacterial processing of DOM. The HIX indicates the degree of degradation of organic matter, with higher values characteristic of higher molecular weight, aromatic compounds. In other words, the humic concentration of DOM is roughly proportional to HIX (Huguet et al., 2009).

Elevated temperature and acidification caused a general increase in FI and β/α values. Interestingly, we found that β/α values decreased in the HH group, which may be due to the fact that the highly decomposed DOM was higher than recently derived DOM. Besides, both warming and acidification led to a decrease in HIX value. From the current results, the effect of acidification was more prominent. However, the BIX value of each group was not significantly different.



Transformations and Connections of Organic Matter

The overall DOM concentration increased by 9.23–26.15% in this study due to elevated temperature and acidification. This result indicates that warming promoted the accumulation of microbial-derived DOM and depressed the aromaticity of DOM. Previous studies have demonstrated that microbial-derived aliphatic carbon is the most labile DOM, which is more readily absorbed than plant-derived aromatic carbon (Yang et al., 2016). Changes in bacterial abundance and DOM properties such as pH, fluorophores, and fluorescence intensity could be explain the discrepancy. Acidification is linked to the decomposition of more refractory organic carbon (e.g., lignocelluloses), as compared to warming (Williamson et al., 1999). Specifically, pH increased the aromatic fractions in DOM (peak C), which are recognized as organic matter produced by bacteria. The bacterial abundance in our study was increased from 8.51 × 109 to 13.52 × 109 cells L–1 under acidification conditions, besides, significant increase in DOC concentration. Thus, it is regarded as enhanced utilization of aromatic DOM by bacteria.

Pearson’s correlation analysis showed significant variability between warming and acidification for DOM-associated parameters. As shown in Figure 5, temperature and DOC concentration had a significant positive correlation (p < 0.001). Besides, FI and HIX were positively correlated with temperature (p < 0.05), respectively. These results indicating that temperature affects microbial activity and production, which was consistent with results from previous studies (Thangaraj and Sun, 2021). The pH and peak A had a significant positive correlation (p < 0.01), and bacteria abundance and FI were significantly negatively correlated with pH (p < 0.05). Moreover, the formation of aromatic DOM or humic-like is thought to be facilitated by acidification-driven microorganisms. This appears to be corroborated by the fact that when the temperature rises, and pH decreases (0.09–0.14 units). Bacterial abundance and microbial activity have both been shown to increase when pH is raised (Han et al., 2022). This is overall consistent with our results.
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FIGURE 5. Correlation analysis between DOM-associated parameters and temperature and pH potential impact. Pearson’s correlation coefficients are shown by square colors and sizes. *, **, and *** represent significance degrees at p < 0.05, p < 0.01, and p < 0.001, respectively. A positive connection is represented by blue, whereas a negative correlation is shown by red.


As discussed above, elevated temperature and acidification showed different impacts on DOM utilization and transform by bacteria. This work has important implications for better understanding how microbes in the ocean transform and sequester DOM. Our findings show that warming and acidification conditions will exacerbate the accumulation of organic matter, particularly phytoplankton-derived aromatic substances. Given the crucial impacts and consequences of bacteria on the use of phytoplankton-DOM under warming and acidification conditions, further investigations regarding carbon transform and release process in natural environments (especially microbial environment) under global climate change deserves serious attention.




CONCLUSION

This work provided direct evidences for bacterial utilization and transformation of phytoplankton-DOM under warming and acidification conditions. Our findings emphasized that warming reduced the efficiency of bacterial use of protein-like substances, while acidification promoted the transformation of humus-like substances (e.g., flavins and phenols, etc.). The simultaneous increment of warming and acidification accelerates the accumulation of recalcitrant DOM. Together, temperature and pH have important influence in the chemical composition and remineralization of DOM in marine microorganisms.
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Climate change driven seawater temperature (SWT) increases results in greater abundance and geographical expansion of marine pathogens, among which Vibrio parahaemolyticus (Vp) causes serious economic and health issues. In addition, plastic pollution in the ocean constitutes a vector for harmful pathogens dissemination. We investigate the effect of elevated SWT on the expression of genes implicated in adhesion and biofilm formation on abiotic surfaces in the clinical Vp strain RIMD2210633, which expresses hemolysins. Among the genes studied, the multivalent adhesion molecule-7 and the GlcNAc-binding protein A were involved in the adhesion of Vp to abiotic and biotic surfaces, whereas the type IV pili, the mannose-sensitive hemagglutinin, and the chitin-regulated pilins facilitate attachment and biofilm formation. Data presented here show that at 21°C, Vp is still viable but does not either proliferate or express the virulence factors studied. Interestingly, at 27°C and as early as 1 h of incubation, all factors are transiently expressed in free-living bacteria only and even more upregulated at 31°C. These results clearly show that increased SWT has an important impact on the adhesion properties of free-living Vp to plastic support and thus emphasize the role of climate change in the spread of this pathogenic bacteria.
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INTRODUCTION

Vibrio parahaemolyticus (Vp) is a marine bacterium including strains pathogenic to humans. It is mostly known to cause acute gastroenteritis from the consumption of contaminated and undercooked seafood (Daniels et al., 2000). In rare cases, septicemia and extraintestinal infections have been reported as a result of infected wounds from exposition to contaminated waters (Daniels et al., 2000).

Vibrio pathogenesis in humans is associated with the production of many virulence factors, among which thermostable direct hemolysin (TDH) and TDH-related hemolysin are considered to be the main pathogenic factors of Vp (Baker-Austin et al., 2010; Mahoney et al., 2010). TDH acts directly on red blood cells and has hemolytic, enterotoxin, and cytotoxic activities. Epidemiological studies show that most clinical isolates of Vp contain genes coding for TDH and TDH-related hemolysin, whereas only a few environmental isolates contain these genes (Theethakaew et al., 2013). However, recent studies identified TDH in 48% of environmental strains indicating that hemolysin plays a role in bacterial fitness in the environment (Gutierrez West et al., 2013).

There are two major life stages in Vibrio species: free-living or planktonic and surface-associated. On the one hand, attachment to abiotic surfaces may be a survival strategy that allows bacteria to survive in a nutrient-poor natural environment by providing a selective advantage through access to nutrients that accumulate at the liquid–surface interface and promotes biofilm formation (Dawson et al., 1981). On the other hand, adhesion to host tissues is the initial step necessary to infection by Vp (Navarre and Schneewind, 1999). Both events, attachment and biofilm formation of Vp, are mediated by the bacterium’s expression of functional type IV pili. The genome of Vp encodes two types of IV pilins: the mannose-sensitive hemagglutinin (MSHA) and the chitin-regulated (PilA) pilins (Makino et al., 2003). MSHA pilin facilitates adherence to abiotic and biotic (e.g., chitin) surfaces, whereas PilA pilin enables cell aggregation and biofilm formation (Shime-Hattori et al., 2006). Vp is also capable of synthesizing another extracellular secreted protein that binds to chitin, the GlcNAc-binding protein A (GbpA; Makino et al., 2003). GbpA is involved in the attachment of Vp to chitin but also to human intestinal cells (Kirn et al., 2005; Zampini et al., 2005; Stauder et al., 2012). In addition, the multivalent adhesion molecule-7 (MAM-7) is a constitutively expressed surface protein that contributes to pathogen adhesion to host cells during the early stage of infection (Krachler et al., 2011). It binds two different proteins on the host’s cell surface: fibronectin and phosphatidic acid (Krachler and Orth, 2011).

The incidence of Vp disease outbreaks is increasing, and the geographic range of serious infection is expanding, driven in large by rising seawater temperature (SWT) (Martinez-Urtaza et al., 2010). The expansion of Vibrio species distribution, from the Southern tropics to more Northern waters, has been reported (Vezzulli et al., 2012; Baker-Austin et al., 2017; Froelich and Daines, 2020). However, little is known about the effects of seawater warming on the expression of virulence factors or the bacterial adhesion to different substrates (i.e., biotic or abiotic), although both represent great implications in the dissemination of Vp worldwide.

Plastic waste representing approximately 80% of all marine litter is now ubiquitous on the surface of oceans, coastlines, and even in most remote parts of the ocean (Carney Almroth and Eggert, 2019). As all new surfaces are introduced to the marine environment, microplastic is rapidly colonized by bacteria (Harrisson et al., 2014). According to the literature, some potentially pathogenic species, including Vp, are able to colonize a wide range of plastics, independently of their chemical composition, e.g., polyethylene, polypropylene, or polystyrene (PS) (Kirstein et al., 2016; Laverty et al., 2020). Potentially pathogenic Vp originating from an estuarine environment were discovered on microplastics in the mid-North Atlantic Ocean and in the North Baltic Sea (Zettler et al., 2013; Kirstein et al., 2016). These findings suggest that harmful microbes that colonize plastics in the marine environment may use microplastics to travel long distances and expand their geographic range across oceans (Rech et al., 2018). In addition, bacteria-contaminated microplastics are ingested by filter-feeders such as oysters and mussels, which are in turn consumed by humans. Although the transfer of pathogens from plastic-containing seafood to humans is still speculative (Barboza et al., 2018), there are great concerns about the role of microplastics in increasing the threats of seafood-borne illnesses. The main goal of this study was to investigate the effects of SWT increase on the expression of virulence factors implicated in adhesion and biofilm formation. The temperatures studied were 21°C, corresponding to the annual average temperature of the Mediterranean Sea, 27°C as the average temperature of tropical waters, and 31°C as an estimated average temperature in the near future by the Intergovernmental Panel on Climate Change (Intergovernmental Panel on Climate Change [IPCC], 2019). In this study, we used a culture-dependent approach in the laboratory to carry out gene expression quantification of virulence factors in seawater at different temperatures in free-living bacteria (i.e., in suspension) and in bacteria adhering to the PS-bottom of Petri dishes.



MATERIALS AND METHODS


Bacterial Strain and Growth Condition

The clinically isolated strain Vp RIMD2210633 serotype O3:K6 was provided by T. Honda from Osaka University Japan. To culture, Vp was routinely grown in a 5-ml tube at 37°C in Luria-Bertani LB medium containing 3% NaCl (standard condition).



Bacterial Growth in Different Experimental Conditions

Overnight Vp culture in standard condition was centrifuged at 2,500 × g for 15 min at room temperature (RT). The pellet containing bacteria was suspended in 1 ml of 0.22-μm filtered seawater (FSW) to obtain a dilution corresponding to an optical density at a wavelength of 620 nm (OD620) ∼0.8. Sixty microliters of the bacterial solution was put into six-well plates with 2 ml of FSW and incubated at different temperatures, 21, 27, and 31°C. Bacterial growth was followed by measurement of OD620 until reaching the stationary phase.



Bacterial Viability Test Determined by Fluorescence Intensity Measurement

For the viability measurement, overnight culture of bacteria was centrifuged at 2,500 × g for 15 min at RT. The pellets containing bacteria were suspended in 1 ml of FSW. Sixty microliters of the bacterial solution was put into six-well plates that were incubated at different temperatures, 21, 27, and 31°C, for 1 h. Samples were centrifuged at 2,500 × g for 15 min at RT. The pellet was suspended in a 0.85% NaCl Buffer. OD620 was adjusted to ∼0.06. The viability was measured using the LIVE/DEAD® BacLight™ bacterial viability kit according to the manufacturer’s instructions using the Synergy H1 spectrophotometer. Bacterial samples were measured in triplicate. Each sample ratio obtained was compared with the standard curve. For the standard curve, alive Vps were conserved in 0.85% NaCl solution, and dead Vps were killed in 70% isopropyl alcohol solution. The standard curve was obtained by mixing Live/Dead bacteria in the following proportions: 0:100; 10:90; 50:50; 90:10; and 100:0.



Scanning Electronic Microscopy

Vps were inoculated in 35-mm Petri dishes and maintained in 2 ml of seawater at different temperatures: 27 and 31°C. After 1 h incubation, the free-living bacteria were eliminated by successive washing with seawater, and bacteria adhering to the bottom of Petri dishes were fixed with 4% PFA/FSW (1v/2v). Samples were dehydrated by transfer through a graded series of ethanol, ending with a concentration of 100%. After dehydration, they were incubated for 30 min in hexamethyldisilazane (HMDS)/ethanol 100% (1v/2v), 30 min in HMDS/ethanol (v/v), and 2 × 30 min in HMDS 100% that was subsequently evaporated under a fume hood overnight. Samples were then coated with gold-palladium and observed at 3–5 kV with a JEOL JSM-6010LV.



Measurement of the Amount of Biofilm

Vps were inoculated in a six-well plate dish in 1 ml of FSW. A volume of 180 μl was transferred into a 96-well plate. The plate with the bacterial suspension and the 96-ped Lid were incubated at different temperatures: 27 and 31°C for 1 h. Formation of biofilm was measured by crystal violet staining method using Biofilm Formation Assay Kit (Dojindo Laboratories) according to the manufacturer’s instructions.



RNA Extraction From Free-Living Bacteria and Bacteria Attached to the Well Bottom

Overnight VPs grown in standard condition were centrifuged, and the pellet containing bacteria were suspended in 1 ml of FSW corresponding to OD620 ∼0.8. Sixty microliters of the bacterial solution was put into 1 ml of each medium per well of a six-well plate (Falcon- Ref 353046) and incubated at 21, 27, and 31°C. After 0.5, 1, 3, and 6 h, free-living bacteria were collected and pelleted by centrifugation at 4,500 × g for 15 min at RT. The supernatant is discarded. The pellet is suspended into 200 μl of Trizol max (Trizol Max Bacterial RNA Isolation Kit from Thermo Fisher Scientific).

For RNA extraction from bacteria attached to the plate bottom, 250 μl of Trizol max has been added directly into each well plate. The bacteria layer is scrapped, and approximately 200 μl is recovered. All samples are incubated at 95°C for 4 min. We added 1 ml of Trizol Reagent (Invitrogen) to each sample, mixed thoroughly, and waited 5 min at RT.

All the samples obtained from free-swimming and attached bacteria are grinding with Zirconium beads thanks to a Precellys Homogenizer at 2600 revolution two times for 30 s at RT. RNA was purified using columns from the DirectZol kit (Zymo Research) following the manufacturer’s instructions. Total RNA was quantified at 260-nm wavelength using a Synergy H1M spectrophotometer.



Quantitative Reverse Transcription-Polymerase Chain Reaction

Bacterial RNA was used for the determination of the expression of virulence factors. Complementary DNA (cDNA) was constructed using the RevertAid First Strand cDNA Synthesis Kit (Fermentas/Thermoscientific, K1622) according to the manufacturer’s instructions.

The quantitative reverse transcription-polymerase chain reaction (RT-qPCR) was performed using the Applied Biosystems Real-Time PCR instrument. Fifteen nanograms of cDNA was placed in triplicate in each well of the qPCR plate, and a solution was added containing: 10 μM of forward primer, 10 μM of reverse primer, 0.1 μl of carboxy-X-rhodamine, which is a dye, 4.9 μl of RNAse free water, and 10 μl of SYBR, which is completed to obtain a final volume of 20 μl per well. The primers used are listed in Supplementary Table 1. The plate is then centrifuged. Efficiencies of the primers were in the range of 95–105%. Machine parameters are set to “Comparative Ct,” “SYBR Green Reagents” detected, including dissociation curves and on standard cycles (approximately 2 h). Quantification was determined using the comparative cycle threshold (CT) method relative to housekeeping gene RecA, which is highly conserved and implicated in DNA repair or genetic recombination. The average expression obtained after 30-min incubation of bacteria in different media was normalized to 1 for relative quantification expression (RQ).



Statistical Analysis

The results are expressed as the mean ± standard error. Statistical studies were performed by analysis of means (T-test). The p-values < 0.05 are considered to be significantly different.




RESULTS


Correlation Between Vibrio parahaemolyticus Growth and Viability Maintained in Different Seawater Temperatures

We measured the growth and viability of Vp maintained at different SWT (21, 27, and 31°C). At 21°C, Vp did not grow (Figure 1A) over all the time of the experimentation (8 h), and after 1 h of exposure, only a small percentage of bacterium (around 40%) were viable (Figure 1B). By contrast, when maintained at 27°C, Vp grows and reaches a stationary phase after 7 h of incubation with OD620 ∼0.15. The bacterium growth was significantly faster at 31°C when compared with 27°C. It begins after 1 h of incubation at 31°C versus 3 h at 27°C. In both conditions (27 and 31°C), the estimated numbers of Vp (OD620 of 0.15) in the stationary phase were low (Figure 1A). These numbers represent 10% of the bacteria estimated in the stationary phase when maintained in LB NaCl 3% (Supplementary Figure 1). This indicates that seawater represents environmental conditions rather than the optimal medium to grow Vp. However, in both conditions (27 and 31°C), cell viability reaches values close to 90% (Figure 1B), similar to environmental conditions.
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FIGURE 1. Effect of temperature on growth by optical density measurement at 620 nm (OD620) (A) and viability (B) of V. parahaemolyticus maintained in seawater at different temperatures: 21, 27, and 31°C. Bacteria were seeded in FSW at OD620 ∼0.1, corresponding to 3.4 × 107 CFU/ml. Results are expressed as means ± standard deviations from experiments performed with three replicate samples.




Adhesion of Vibrio parahaemolyticus to the Bottom of Petri Dishes Is Influenced by Temperature

Vps were inoculated in 35-mm Petri dishes and maintained in 2 ml of seawater at different temperatures: 27 and 31°C. Images illustrating adherent bacteria by scanning microscopy are presented in Figure 2A for 27°C and Figure 2B for 31°C. Bacterial clusters are larger in size at 31°C (Figure 2B). The effect of temperature on biofilm formation was confirmed by biofilm quantification (Figure 2C) significatively higher at 31°C (n = 8). This observation led us to investigate the effect of temperature on the expression of genes implicated in adhesion and biofilm formation.


[image: image]

FIGURE 2. Scanning electron micrographs presenting adhering V. parahaemolyticus at 27°C (A) and 31°C (B). (Magnification × 5,000). Biofilm quantification of adhering bacteria to plastic (C). ****p-values < 0.0001.




Increasing Seawater Temperature Upregulates Genes Expression Implicated in Adhesion and Biofilm Formation

Adhesion is the first step necessary for biofilm formation on abiotic surfaces or host infection. MAM-7 and GbpA play a role in the adhesion of Vp to abiotic and biotic surfaces (Zampini et al., 2005; Krachler et al., 2011; Stauder et al., 2012). After different times of incubation indicated in Figure 3, MAM-7 and GbpA genes expressions were estimated in free-living bacteria (Figure 3A) and in adherent bacteria (Figure 3B). In free-living bacteria, MAM-7 and GbpA gene expressions were transiently upregulated over kinetics with a maximal expression after 1 h at both temperatures. However, at this time point, the expression of both genes was significantly higher at 31°C compared with 27°C. After 1 h of incubation, the expression of both genes dropped significantly. In adherent bacteria (Figure 3B), we did not observe any significant modification in the expression of MAM-7 and GbpA at the early time of incubation, but we observed an overexpression of these genes in both conditions (27 and 31°C) after 6 h of incubation.
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FIGURE 3. Adhesion genes expression MAM-7 and GbpA in free-living V. parahaemolyticus (A) and adherent bacteria (B) incubated at 27°C (black) and 31°C (gray). Bacteria were maintained 0.5, 1, 3, and 6 h in different conditions before RNA extraction from free-living bacteria and adherent bacteria for same well. Relative quantification expressions are expressed as means ± standard deviations of results from experiments performed with three replicate samples. #Significant difference between temperatures. *Significant difference between time points.


In Vp, the MSHA pili facilitate attachment to abiotic surfaces and biofilm formation, whereas PilA pili mediate cell-to-cell interactions and the binding of one bacterium to another (Shime-Hattori et al., 2006). After different incubation times, their expressions were estimated in free-living bacteria (Figure 4A) and in adherent bacteria (Figure 4B). The profile of their expression is similar to those found for MAM-7 and GbpA. In free-living bacteria, MSHA and PilA expressions were overexpressed after 1 h of incubation when compared with the first time point 0.5 h, and their expressions were significantly higher at 31°C compared with 27°C. After 3 and 6 h of incubation, the expression of both genes significantly dropped. In adherent bacteria (Figure 4B), we did not observe a significant modification in the expression of MSHA and PilA between the two temperatures 27 and 31°C in the early time of incubation, but we observed overexpression in both conditions at 6 h of incubation.
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FIGURE 4. Biofilm genes expression MSHA and PilA in free-living V. parahaemolyticus (A) and adherent bacteria (B) incubated at 27°C (black) and 31°C (gray). Bacteria were maintained 0.5, 1, 3, and 6 h in different conditions before RNA extraction from free-living bacteria and adherent bacteria in same well. Relative quantification expressions are expressed as means ± standard deviations of results from experiments performed with three replicate samples. #Significant difference between temperatures. *Significant difference between time points.


Note that the expression of all these genes is not upregulated at 21°C in free-living bacteria (Supplementary Figure 2) nor in adherent bacteria (Supplementary Figure 3).



Increasing Seawater Temperature Induces the Expression of Thermostable Direct Hemolysin

Thermostable direct hemolysin is a hemolysin involved in the pathogenesis of Vp strains that infect humans. As the strain 03:K6 was isolated from a patient, we looked at whether these bacteria synthesize TDH in seawater and whether the increase in temperature can influence its expression level. After different incubation times, TDH gene expression was estimated in free-living bacteria (Figure 5A) and in adherent bacteria (Figure 5B). In free-living bacteria, a significant increase in TDH gene expression was observed at 27°C after 1 and 3 h of incubation compared with the first time point at 0.5 h. In comparison, no significant increase in TDH expression was observed over time at 31°C. Similarly, the TDH transcript level was not modified at 21°C in both bacterial populations (Supplementary Figure 4). However, after 1 h of incubation, TDH expression was significantly upregulated at 31°C compared with 27°C (Figures 5A,B) in both free-living and adherent bacteria.
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FIGURE 5. Thermostable direct hemolysin gene expression in free-living V. parahaemolyticus (A) and adherent bacteria (B) incubated at 27°C (black) and 31°C (gray). Bacteria were maintained 0.5, 1, 3, and 6 h in different conditions before RNA extraction from free-living bacteria and adherent bacteria in same well. Relative quantification expressions are expressed as means ± standard deviations of results from experiments performed with three replicate samples. #Significant difference between temperatures. *Significant difference between time points.





DISCUSSION

Bacterial adhesion is essential to the colonization of biotic and abiotic surfaces and represents a link between the behavior of bacteria in natural environments and their pathogenicity potential. Data presented in this study show that elevated SWTs can affect the expression of genes involved in adhesion and biofilm formation in Vp and favor its adhesion to plastics. Warmer temperatures also promote Vp’s pathogenicity by inducing the synthesis of the TDH toxin. Interestingly, bacterial cultures in the laboratory consisting of suspended and adherent populations (i.e., similar to free-living planktonic and sedentary in the environment) show differences in the kinetics and induction rates of all these genes.

Pathogenic bacteria must detect and respond to changes in their local environment parameters (i.e., temperature, pH, salinity, and nutrient availability) to successfully colonize and invade their host (Gode-Potratz et al., 2011). Among pathogens, vibrios show a broad tolerance to several environmental parameters, including temperature. In this study, SWT significantly influences the growth of the clinical Vp strain O3:K6, which is latent at 21°C but begins to grow at 27 and 31°C. This result confirms previous observations that under adverse conditions, including cold temperature, Vp is able to enter a viable but not culturable state that supports long-term survival (Xu et al., 1982; Oliver, 2005; Burnham et al., 2009). Entering a partial dormant state is one of the ways Vp can persist in cold environments. Attachment to substrates such as plankton has also been proposed as another mechanism of environmental persistence (Sarkar et al., 1983).

Because adhesion and biofilm formation is the first step in the colonization of surfaces and pathogenesis, we studied the influence of temperature on the expression of genes essential to these mechanisms: adhesins and pilins. Our data show a quick induction of the expression of genes in free-living bacteria coding for adhesins (MAM-7 and GbpA) and the type IV pilins (MSHA and PilA) occurring after 1 h of incubation at 27°C. Warmer temperature exerts a stimulating effect, as these genes are upregulated at 31°C when compared with 27°C. After 3 and 6 h of incubation, expression levels of GbpA, PilA, and MSHA are downregulated. Interestingly, the quick increase in gene expression at 1 h is observed only in suspended bacteria. In adherent bacteria, all the genes mentioned earlier are upregulated after 6 h of incubation, but the increased temperature has no impact on their expressions. Our data show that an adaptation of Vp to temperature fluctuations results in the regulation of adhesin and pilin genes. However, this temperature-dependent regulation only occurs in suspended and not in adherent bacteria.

Differences in gene expression between free-living and sedentary lifestyles have been described for many pathogenic bacteria and involve surface sensing (Gode-Potratz et al., 2011). In the case of flagellated rod-shaped bacteria (e.g., E. coli and vibrios), surface sensing takes place via a two-step process: (1) reversible attachment characterized by polarly attached bacteria and (2) irreversible attachment, which results in microcolonies and biofilm formation (Armbruster and Parsek, 2018). Vp senses the surface via rotation of the flagella and can stimulate a specific program of genes depending on whether the surface is favorable to colonization and pathogenesis. The OpaR gene has been described as a quorum-sensing regulator that negatively regulates polar flagellum in Vp (Lu et al., 2021). Here, OpaR is upregulated in suspended Vp after 1 h of incubation (Supplementary Figure 5A) and suggests repression of Vp’s motility by regulating the expression of its flagella. Noteworthy, this gene is also overexpressed at 31°C compared with 27°C, further supporting our previous observation on the increased adhesion at elevated temperature.

The two pilin genes studied play different roles in the adhesion process. MSHA pilin is crucial to arresting cell motion in near-surface swimming bacteria and allows the transition to irreversible attachment and colony formation, whereas PilA pilin mediates cell-to-cell interactions and binding of one bacterium to another (Frischkorn et al., 2013; Utada et al., 2014). Both pilins, MSHA and PilA, worked synergistically and were involved in biofilm formation in Vp on abiotic PS, synthetic chitin, and biological diatom-derived chitin (Frischkorn et al., 2013). Data presented here clearly show that these two pilin genes are synergistically expressed in suspended Vp. We also observed a significant increase in expression for these two genes at 31°C, which could potentially also promote the attachment and the formation of colonies.

The role of adhesins in colony formation on plastics is less studied. GbpA and MAM-7 were mainly implicated in the virulence processes. GbpA contributes to the adhesion on culture epithelial cells by interacting with GlcNAC residues of mucin and interacting with natural polymers, e.g., chitin present on marine hosts (Zampini et al., 2005; Bhowmick et al., 2008). MAM-7 constitutes an adhesin especially found in mammal infection cases (Krachler et al., 2011). This adhesin binds with high affinity to phosphatidic acid and low affinity to fibronectin (Krachler and Orth, 2011). To our knowledge, there are no reports on the binding of GbpA and MAM-7 to synthetic polymers. Curiously, this adhesin is upregulated in seawater in free-living bacteria only, and its expression is positively influenced by elevated temperature. The role of GbpA and MAM-7 in biofilm formation on synthetic polymers, e.g., PS of the bottom of Petri dishes, requires further investigation.

As the body temperature of mammals is often higher than the temperature of their external environment, many bacterial virulence factors are thermally regulated. TDH is a virulence factor mainly present in clinical isolates of Vp. The Vp strain O3:K6 used in this study is isolated from a patient, and this strain was reported to synthesize TDH at 37°C (Mahoney et al., 2010). Data presented here show that this strain expresses TDH in seawater at higher levels at 31°C when compared with 27°C. These data first illustrate that this clinical strain can express TDH in seawater and, second, that its expression is temperature-dependent. Thermoregulation of the expression of known and putative virulence-associated traits, including hemolysin, motility, and biofilm formation, has only been reported in environmental and clinical strains maintained in a heart infusion medium (Mahoney et al., 2010). To our knowledge, this is the first study to demonstrate the effect of temperature on the upregulation of TDH expression in a clinical Vp strain maintained in seawater. It is also interesting to point out that this toxin is synthesized in free-living and adherent bacteria.

A direct link between infection of marine animals and temperature-dependent expression of virulence factors was recently reported in the case of Vibrio coralliilyticus that was isolated from the coral Acropora cytherea during a bleaching outbreak due to thermal stress (Ushijima et al., 2016). In the case of this vibrio, mutation of MSHA reduces its virulence. Another mutation in ToxR also decreases the pathogenicity of this bacterium. The ToxR gene encodes a regulatory protein under the control of quorum-sensing and is involved in regulating the expression of virulence genes in vibrios (Zhang et al., 2018). Here, ToxR is overexpressed in suspended Vp during the early time of incubation and is upregulated at 31°C when compared with 27°C (Supplementary Figure 5B). These results support the correlation between SWT and Vp’s virulence.

As plastic debris in the environment continues to increase, an emerging concern is the potential for microplastics to act as vectors in pathogen dissemination. Zettler et al. (2013) showed that microbial communities on marine plastic debris differ consistently from the surrounding seawater communities and coined the term “Plastisphere” for this new habitat, which is now acting as a “mobile ecological niche.” Numerous reports describe the presence of pathogenic bacteria on both macro- and microplastic surfaces found across oceans (Amaral-Zettler et al., 2020). Among marine bacteria, Vibrio spp. have been found in high abundances within the “plastisphere,” in particular during summer months (Bowley et al., 2021). This observation is in agreement with the findings reported in this study, showing that elevated SWTs favor the expression of genes implicated in the adhesion of Vibrio to plastic and, consequently, the number of adhering bacteria. In addition, several studies demonstrate that microplastic surfaces represent favorable environments for biofilm formation. Living within a biofilm is highly beneficial for adhering bacteria to become more infectious than free-living bacteria. When compared with free-living bacteria, adhering bacteria have shown significant elevation in metabolic pathways that contributes to pathogenesis and favor horizontal gene transfer that may contribute to the development of resistance to antibiotics (Bowley et al., 2021). These observations also support our results showing different gene expressions for adhesins between free-living and adhering bacteria.

Altogether, the findings presented in this study clearly show the impact of increased temperature on the virulence of Vp in seawater environments. Warmer temperatures promote growth and the expression of virulence factors implicated in biofilm formation on abiotic surfaces and the synthesis of toxins. These factors play an important role in the pathogenesis of Vp and therefore represent a mechanism by which increased SWT and plastic pollution can promote the spread of plastic-associated pathogenic Vp and the intensification of their virulence.
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Supplementary Figure 1 | Growth of Vp in LB NaCl 3%. Overnight V. parahaemolyticus culture in standard condition was centrifuged at 2500 x g during 15 min at room temperature (RT). The pellet containing bacteria was suspended in 1 mL of LB NaCl 3% to obtain a dilution corresponding to OD620 ∼ 0.8. 60 μl of the bacterial solution was put into 6 well plates with 2 mL of LB NaCl 3% and incubated at different temperatures 21, 27, 31, and 37°C. Bacterial growth was followed by measurement of OD620 until reaching the stationary phase.

Supplementary Figure 2 | Adhesion and biofilm genes expression at 21°C in free-living Vp maintained in FSW.

Supplementary Figure 3 | Adhesion and biofilm genes expression at 21°C in adhering Vp maintained in FSW.

Supplementary Figure 4 | TDH expression in free-living (A) or adhering (B) Vp maintained in FSW at 21°C.

Supplementary Figure 5 | OpaR (A) and Tox R (B) expression in free-living Vp maintained in FSW at 27 and 31°C.

Supplementary Table 1 | Primers and sequences used in this study.
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Proper thermal adaptation is key to understanding how species respond to long-term changes in temperature. However, this is seldom considered in protozooplankton and mixoplankton experiments. In this work, we studied how two heterotrophic dinoflagellates (Gyrodinium dominans and Oxyrrhis marina), one heterotrophic ciliate (Strombidium arenicola), and one mixotrophic dinoflagellate (Karlodinium armiger) responded to warming. To do so, we compared strains adapted at 16, 19, and 22°C and those adapted at 16°C and exposed for 3 days to temperature increases of 3 and 6°C (acclimated treatments). Neither their carbon, nitrogen or phosphorus (CNP) contents nor their corresponding elemental ratios showed straightforward changes with temperature, except for a modest increase in P contents with temperature in some grazers. In general, the performance of both acclimated and adapted grazers increased from 16 to 19°C and then dropped at 22°C, with a few exceptions. Therefore, our organisms followed the “hotter is better” hypothesis for a temperature rise of 3°C; an increase of >6°C, however, resulted in variable outcomes. Despite the disparity in responses among species and physiological rates, 19°C-adapted organisms, in general, performed better than acclimated-only (16°C-adapted organisms incubated at +3°C). However, at 22°C, most species were at the limit of their metabolic equilibrium and were unable to fully adapt. Nevertheless, adaptation to higher temperatures allowed strains to maintain physiological activities when exposed to sudden increases in temperature (up to 25°C). In summary, adaptation to temperature seems to confer a selective advantage to protistan grazers within a narrow range (i.e., ca. 3°C). Adaptation to much higher increases of temperatures (i.e., +6°C) does not confer any clear physiological advantage (with few exceptions; e.g., the mixotroph K. armiger), at least within the time frame of our experiments.
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INTRODUCTION

The progressive increase of temperature due to anthropogenic sources (Intergovernmental Panel on Climate Change [IPCC], 2014) will certainly affect planktonic communities in the coming future. This is because temperature is a major factor driving biological activity; the resulting changes in the fitness of a species in response to temperature may provide a selective advantage/disadvantage in comparison to other coexisting species (Halsband-Lenk et al., 2002). This rule applies to all marine organisms, including protistan grazers, such as microzooplankton (pure heterotrophic protists) and mixoplankton (autotrophic protists with phagotrophic capability). Both groups of protistan grazers, which encompass many ciliates and dinoflagellates, are key components of marine pelagic food webs because of their functions as major grazers of phytoplanktonic primary production and as very important prey for larger zooplankton (Calbet, 2001; Calbet and Saiz, 2005; Flynn et al., 2019; Traboni et al., 2021).

Despite the relevance of temperature, most ecophysiological studies addressing its direct effects on protistan grazers do not include multigenerational effects and typically only address short-term responses to variations in environmental temperature [see review by Montagnes et al. (2003)]. Therefore, the actual response of protist grazers to gradual and longer-term temperature changes in marine systems remains essentially unexplored. Conversely, long-term adaptations to temperature have been studied in planktonic algae, and the results have been very revealing and occasionally opposite to those that were expected. For instance, the accepted faster thermal response of respiration vs. photosynthesis, predicted by the metabolic theory of ecology (López-Urrutia et al., 2006; Rose and Caron, 2007), may not be the same after proper adaptation (>100 generations) to environmental conditions (Padfield et al., 2016; Barton et al., 2020). This is because basal metabolism diminishes after genetic adaptation to temperature (Padfield et al., 2016; Barton et al., 2020). Other observed changes in temperature-adapted species are stoichiometric (lower C:N ratios) and related to more efficient use of carbon (Padfield et al., 2016; Aranguren-Gassis et al., 2019). The elemental composition of an organisms is the result of the balance between its metabolic demands and the relative supply of elements in the environment (Sterner and Elser, 2002). It is assumed that phytoplankton exhibit wide variations in their elemental composition and protozoans are more homoeostatic, showing a narrower range of variation (Sterner and Elser, 2002; Klausmeier et al., 2004). However, several studies have shown that the elemental stoichiometry of protozoans may vary significantly in response to the environment and prey composition (Hantzsche and Boersma, 2010; Malzahn et al., 2010; Meunier et al., 2012), and may affect the energy transfer to upper trophic levels (Traboni et al., 2021). The incorporation of elemental ratios and absolute elemental contents (dependent on cellular volume) of different planktonic groups into ecosystem models could improve our ability to predict the response of planktonic communities to environmental threats, and help to understand their influence on the biogeochemistry of the ocean (Litchman et al., 2013; Meunier et al., 2017). Little is known, however, about protistan grazers, both mixotrophic and heterotrophic, in this respect.

We hypothesize that because of the different activation energies between physiological processes, a rise in temperature will favor phagotrophy over photosynthetic carbon acquisition in mixotrophs (Wilken et al., 2013; Lin et al., 2018). We could also hypothesize that following the von Bertalanffy-Perrin model, which states that catabolism is more affected by temperature than anabolism (Perrin, 1995; Li et al., 2011), higher temperatures will enhance respiratory losses to a larger extent than ingestion in protozooplankton (at least for short-term responses). This imbalance should result in a reduction of gross growth efficiency (GGE; Straile, 1997; Li et al., 2011) and perhaps in lower cellular C:N and C:P ratios, depending on the temperature-sensitivity of the excretion response (Alcaraz et al., 2013). We cannot discard, however, that fully temperature-adapted species may not show such differences, as previously reported for algae (Padfield et al., 2016; Barton et al., 2020). This hypothesis, if true, could have very relevant consequences for understanding the functioning of the marine food web and for biochemical modeling ecosystems.

In this study, we aim to explore the responses (volume, stoichiometry growth, and grazing) of different protistan grazers to temperature rise after a short-term exposure (acclimation) and compare them to the performances of long-term adapted organisms. By working with temperature-adapted species, we will also be able to test whether protistan grazers follow the “hotter is better hypothesis” (Bennett, 1987), which predicts that organisms adapted to lower temperatures will have lower maximum performances than those adapted to higher temperatures (Knies et al., 2009). Finally, we also aim to investigate the response of the strains adapted to different temperatures to an extreme temperature episode, here represented by a sudden increase in temperature to 25°C. Heatwaves may become a relevant instrument of species selection in a future scenario of a warmer ocean, where many species will likely be at the edge of their physiological limits. The reported increases of temperature during heatwaves do not reach >6.5°C (Hobday et al., 2016). However, we wanted to go one step further and expose the experimental organisms to relatively extremer temperatures (up to +9°C), to evaluate their survival and performance under critical conditions, and how temperature-adaptation would modify this response. Overall, understanding the processes involved in the thermal adaptation of protozooplankton and mixoplankton and their response to warming will improve the accuracy of climate change models in predicting ecological or biogeochemical effects of temperature projections in the near future.



MATERIALS AND METHODS


Experimental Organisms

For the experiments, we used cultures of two heterotrophic dinoflagellates (Gyrodinium dominans and Oxyrrhis marina), one heterotrophic ciliate (Strombidium arenicola), and one mixotrophic dinoflagellate (Karlodinium armiger), all of which originated from the NW Mediterranean. G. dominans (ICM-ZOO-GD001) was isolated in February 2011, then kept at 19°C, and transferred to 16°C in June 2019 and to 22°C in November 2020. O. marina (ICM-ZOO-OM001) was isolated in 1995 and kept at 19°C; then, it was transferred to 16°C in June 2019 and from 19 to 22°C in November 2020. S. arenicola (ICM-ZOO-SA001) was isolated in April 2017, kept at 19°C, and transferred to 16°C in July 2020 and from 19 to 22°C in November 2020. Finally, K. armiger (ICM-ZOO-KA001) was isolated in winter 2013, kept at 19°C, and transferred to 16°C in June 2019 and from 19 to 22°C in November 2020. The cultures were kept in temperature-controlled incubators in 260 mL untreated tissue culture PTE flasks with autoclaved 0.1-μm filtered seawater, at a salinity of 38, ca. 35 μmol photons m–2 s–1, and they were fed exponentially growing Rhodomonas salina (K-0294) every 1–2 weeks. We made sure that all the species were kept at the selected temperatures for at least 7 months before conducting the experiments.



Elemental Analysis

We prepared stock cultures of the adapted strains of all species and starved them. Once no prey was detected both visually and with the aid of a Multisizer IV Coulter Counter, we waited for an additional 24 h to ensure digestion of any remaining prey in the food vacuoles. To evaluate the changes in the stoichiometry of prey during the incubations, we also incubated cultures of R. salina (grown at 19°C) at 16, 19, 22, and 25°C for 24 and 48 h. Then, we filtered aliquots of known grazer and prey concentrations onto pre-combusted (450°C, 5 h) GF/F filters (Whatman, 25 mm) for determination of the carbon (C), nitrogen (N), and phosphorus (P) elemental compositions. The filters for CN analysis were dried at 60°C for 48–72 h and then stored in a desiccator until processing with a Flash EA1112 (Thermo Finnigan, München, Germany) CHNS analyzer. The filters for P analysis were immediately frozen at −80°C until processing. We processed P samples with the acid persulfate digestion method and posterior conversion to dissolved inorganic P with a Seal Analytical AA3 (Bran + Luebbe) analyzer. We calculated stoichiometric ratios as molar ratios, and we considered error propagation (square root law) in the calculation of the CP and NP ratios (Saiz et al., 2020).



Acclimation vs. Adaptation Responses Experimental Setup

We compared strains grown for multiple generations (>7 months) at 16, 19, and 22°C (adapted treatments) with those from 16°C exposed for a short period (2 days preconditioning and 1 day experiment) to a temperature rise of either 3°C (19°C) or 6°C (22°C) (acclimated treatments). These temperatures are within the range of annual oscillation in the area of study and isolation of the microbial grazers used (Calbet et al., 2001). The protocol used was the same for all species and temperatures; i.e., adapted strains incubated at their respective long-term temperature and those incubated at a different temperature followed the same 2d + 1d protocol. The 2-days acclimation took place in 620 mL Pyrex glass bottles submerged in a temperature-controlled bath at the previously noted temperatures. Light conditions were a 10:14 light/dark cycle at 15–20 μmol photons m–2 s–1. We used saturating prey concentrations for the experiments. Thus, G. dominans and K. armiger were incubated with 50,000 R. salina mL–1 (Calbet et al., 2013; Martínez and Calbet, unpublished), whereas O. marina and S. arenicola were supplied with 100,000–120,000 R. salina mL–1 (Calbet et al., 2013; Arias and Calbet, unpublished). We added 20 mL of f/2 medium per liter of suspension in all treatments to avoid nutrient deficiency. After the 2 days of acclimation grazers usually had grown and prey were partially depleted. Therefore, we readjusted the prey and grazer concentrations to the ones indicated before, added nutrients again (20 mL f/2 L–1), and sequentially transferred the organisms to triplicate 75 mL untreated tissue culture flasks (Falcon), where they were incubated for another 24 h (experiment). The grazer concentrations were chosen to allow a decrease in prey between 10–20%. We also set triplicate control bottles with only R. salina at each temperature. Initial and final samples were quantified using a Multisizer IV Coulter Counter, which provided data on abundance and cell volume (Multisizer™ user’s manual, 2010). Predator growth rates were calculated in cell numbers assuming exponential growth. To obtain grazing rates and average prey concentrations during the incubations, we used Frost’s (1972) equations; we calculated per capita values using the average concentration of grazers in each replicate according to Heinbokel (1978). GGEs were calculated as the quotient between carbon-based specific growth and ingestion rates x 100.



Extreme Thermal Exposure Experimental Setup

We used the same experimental setup described before. However, here, we exposed all the temperature-adapted strains to 25°C for 3 days (two pre-conditioning and one experiment). This temperature is around the maximum average summer temperatures experienced in the area of origin of the species (Calbet et al., 2001). Then, we compared the growth, grazing, and GGEs of the adapted strains at their normal temperature with those after exposure to 25°C. Similar to the previous experiment, we used Frost’s (1972) equations to obtain ingestion rates.



Statistical Analysis

We used GraphPad Prism 7.0 software to conduct the statistical analysis. For stoichiometric effects of temperature, we sought for significant linear responses in the relationship between temperature and elemental composition or elemental ratio. Regarding experiments, our main objective was to investigate whether the physiological response of temperature-adapted organisms was different from that of only acclimated ones. To do such comparisons, we conducted ANOVA tests, with Tukey’s test to compare the treatments at each temperature, and assuming a p < 0.05 for significant differences. Our experimental design rendered more information, such as the different response of both adapted and acclimated organisms to temperature; the effects of temperature on each physiological activity were evaluated by ANOVA, with Tukey’s test to compare the response of each temperature. The differences in the slope of the relationship between temperature (16–19°C) and growth rates (d–1) for the different species were evaluated with ANCOVA tests (see Section Acclimation vs. Adaptation). Error propagation, when necessary, was calculated using the square root law (Saiz et al., 2020).




RESULTS


Elemental Composition

Table 1 presents the elemental compositions of the temperature-adapted predators. No statistically significant relationship between temperature and either elemental composition or elemental molar ratios was observed in any of the grazers (simple linear regression analysis, P > 0.05), with only two exceptions. The P contents of K. armiger slightly increased with temperature (from 0.0030 to 0.0039 pgP μm–3), and the C:P ratio of O. marina diminished with temperature to some degree (from 71 to 64). Table 2 presents the volume and elemental composition of R. salina after exposure for 24 and 48 h to the experimental temperatures. This information is relevant for detecting any change in the nutritional composition that the temperature may have produced during the incubations. The volume and CNP composition of R. salina were relatively stable and unaffected by exposure at the different temperatures within the incubation periods (variations always <20% with respect to 16°C, and no statistically significant pattern with temperature).


TABLE 1. Elemental contents and molar stoichiometric ratios of the temperature-adapted grazers.
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TABLE 2. Cell volume, elemental contents and molar stoichiometric ratios of Rhodomonas salina after 24 and 48 of exposure to the experimental temperatures.
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Acclimation vs. Adaptation

Our goal was to compare the physiologies and behaviors of the thermal-adapted strains with those of the parental 16°C strains when exposed to warmer temperatures (acclimated treatment). The focus was on cell volume, growth rates (d–1), ingestion rates (in cells ind–1 d–1), and GGE. For simplicity, we present the significance of the comparison between temperature-adapted strains with their acclimated counterparts in the figures (asterisks indicating p < 0.05), whereas the significance of the differences between the response to the different temperatures for adapted and acclimated strains is shown in Table 3. Compared to the 16°C strain, G. dominans and O. marina cell volumes slightly (although not significantly) augmented with a 3°C temperature increase (19°C), and warmer conditions (+6°C) resulted in a decrease in volume (not statistically significant either), both in adapted and acclimated strains (Figures 1A,B and Table 3). The effect of temperature on S. arenicola cell volume was weak for both acclimated and adapted strains (Figure 1C and Table 3). The treatments of 16°C-adapted S. arenicola incubated at +3°C (19°C-acclimated treatment) was the only one significantly different from its adapted counterpart (Figure 1C). Finally, the acclimated strains of K. armiger decreased in volume at higher temperatures (19 and 22°C) compared to the adapted counterparts (Figure 1D and Table 3). Among the adapted strains of this species, the ones at warmer temperatures showed higher cell volumes than those at 16°C (Table 3), and their volumes were larger than their temperature-acclimated counterparts (Figure 1D; p < 0.001).


TABLE 3. Probability values of the ANOVA tests comparing the response to temperature in Volume (μm3), Growth rates (d–1), Ingestion rates (cells grazer–1 d–1), and GGE (gross-growth efficiency) of the four species of protistan grazers studied.
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FIGURE 1. Effects of temperature on cell volume (μm3) of the different grazers. Solid blue bars correspond to the temperature-adapted organisms incubated at their standard temperature. Stripped red bars correspond to those organisms adapted at 16°C and exposed to either +3°C (19°C) or +6°C (22°C) temperature raise (2 days acclimation plus 1-day experimental incubation). (A) G. dominans, (B) O. marina, (C) S. arenicola, and (D) K. armiger. Asterisks denote differences (p < 0.05) between acclimated and adapted treatments. The statistics corresponding to differences between temperature treatments of adapted and acclimated organisms can be found in Table 3. The error bars are SE.
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FIGURE 2. Effects of temperature on the growth rates (d–1) of the experimental protistan grazers. Solid blue bars correspond to the temperature-adapted organisms incubated at their standard temperature. Stripped red bars correspond to those organisms adapted at 16°C and exposed to either +3°C (19°C) or +6°C (22°C) temperature raise (2 days acclimation plus 1-day experimental incubation). (A) G. dominans, (B) O. marina, (C) S. arenicola, and (D) K. armiger. Asterisks denote differences (p < 0.05) between acclimated and adapted treatments. The statistics corresponding to differences between temperature treatments of adapted and acclimated organisms can be found in Table 3. The error bars are SE.
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FIGURE 3. Slopes of the simple linear regression fit between growth rate and temperature for temperature-acclimated and temperature-adapted grazers. The slopes were calculated using the data showed in Figure 2 between 16 and 19°C.



[image: image]

FIGURE 4. Effects of temperature on the ingestion rates (cells consumed per grazer and day) of the experimental protistan grazers. Solid blue bars correspond to the temperature-adapted organisms incubated at their standard temperature. Stripped red bars correspond to those organisms adapted at 16°C and exposed to either +3°C (19°C) or +6°C (22°C) temperature raise (2 days acclimation plus 1 day experimental incubation). Asterisks denote differences (p < 0.05) between acclimated and adapted treatments. (A) G. dominans, (B) O. marina, (C) S. arenicola, and (D) K. armiger. The statistics corresponding to differences between temperature treatments of adapted and acclimated organisms can be found in Table 3. The error bars are SE.
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FIGURE 5. Effects of temperature on the gross growth efficiency (GGE; as the percentage of carbon produced out the one ingested) of the experimental protistan grazers (d–1). Given we did not have carbon data for S. sulcatum at 16°C, we used the values at the closest temperature (19°C). Solid blue bars correspond to the temperature-adapted organisms incubated at their standard temperature. (A) G. dominans, (B) O. marina, (C) S. arenicola, and (D) K. armiger. Stripped red bars correspond to those organisms adapted at 16°C and exposed to either +3°C (19°C) or +6°C (22°C) temperature raise (2 days acclimation plus 1-day experimental incubation). Asterisks denote differences (p < 0.05) between acclimated and adapted treatments. The statistics corresponding to differences between temperature treatments of adapted and acclimated organisms can be found in Table 3. The error bars are SE.


Gyrodinium dominans cell-based growth rates increased exponentially with temperature from 0.19 d–1 at 16°C to 0.48 d–1 at 22°C for only the acclimated strains (Figure 2A and Table 3). Adapted strains showed higher growth rates than acclimated strains at 19°C (p < 0.001), but it was the opposite at 22°C (p < 0.001; Figure 2A). The growth rates of O. marina increased from 0.66 d–1 at 16°C to 0.89 d–1 and 1.07 d–1 at 19°C for the acclimated and adapted organisms, respectively (Figure 2B and Table 3). At 22°C, the rates either remained the same (acclimated) or dropped to 0.8 d–1 in the adapted O. marina (Figure 2B and Table 3). There were differences in the growth rates between the acclimated and adapted O. marina, but they were statistically significant only at 22°C (Figure 2C, p < 0.05). S. arenicola showed a similar pattern to that of O. marina, with clear enhancements in growth rates at 19°C, acutely in the acclimated strains (up to 1.8 d–1), compared to a drop in growth rates at 22°C (Figure 2C and Table 3). Overall, the growth rates of S. arenicola were consistently higher for the temperature-acclimated strains than for the adapted ones (Figure 2C). The K. armiger thermal response was also similar to the previously described ones; however, the drop in growth rates at 22°C for the acclimated organisms was more severe than that for the adapted organisms (Figure 2D). Conversely, the growth rates for the 22°C-adapted strains of K. armiger were similar to those at 19°C (Table 3).

Because most species responded negatively to 22°C in both the adapted and acclimated strains, we restricted the calculation of thermal-driven enhancement of the grazer growth rates to the 16–19°C interval. Given the expected linear (not exponential) relationship between temperature (°C) and growth rates (d–1) in protozoans shown by Montagnes et al. (2003), in Figure 3, we present the slope of this relationship for acclimated and adapted organisms. Temperature-adapted organisms always showed higher slopes than those of their interacting counterparts; however, the differences between slopes were only statistically significant for S. arenicola (ANCOVA, p < 0.0001).

There was a consistent increase in the number of cells consumed daily by G. dominans and O. marina in their acclimated strains, from 16 to 22°C (Figures 4A,B and Table 3). This pattern was mirrored by the adapted organisms at 19°C in both species, with only significantly higher rates for the adapted vs. the acclimated strains in G. dominans (Figures 4A,B and Table 3). The ingestion rates dropped for the 22°C-adapted O. marina strain, while they remained high for G. dominans (Figures 4A,B and Table 3). The ciliate S. arenicola ingested R. salina at increasing rates with temperature up to 19°C (Figure 4C and Table 3); above this temperature, the rates were steady for acclimated organisms and dropped for the adapted organisms (Figure 4C and Table 3). In contrast, K. armiger-acclimated strains reduced their ingestion performance at increasing temperatures (Figure 4D and Table 3). This trend did not occur in the adapted strains, which showed higher rates at 19 and 22°C (Table 3).

There was an overall tendency to decrease GGE at increasing temperatures for both adapted and acclimated G. dominans and O. marina (Figures 5A,B and Table 3). However, S. arenicola and K. armiger showed slightly increasing tendencies in GGEs with increasing temperature, and those were significant only in few occasions (Figures 5C,D and Table 3). Both species responded positively to a short term increase of 3°C (acclimation experiment), and in the case of the S. arenicola, also to an increase of 6°C (Figures 5C,D and Table 3).



Response to an Extreme Temperature Episode

We present data about the response to a sudden temperature increase (Figure 6) only for G. dominans, O. marina, and K. armiger because the 16°C-adapted S. arenicola strains quickly died (within 24 h) when exposed to 25°C, and the remaining strains of this species (those adapted to higher temperatures) died after 48 h of incubation. The growth rates of G. dominans exposed to 25°C were very similar irrespective of the origin of the strain, although the growth rate of the strain adapted to 16°C was 26% higher than those of the other 19 and 22°C adapted ones (ANOVA and Tukey’s test, p < 0.001; Figure 6A). The opposite was apparent for O. marina adapted to 16°C, which at 25°C exhibited the lowest growth rates followed by the 22 and 19°C adapted strains (ANOVA p < 0.001; Tukey’s test: 16°C was different from 19°C, p < 0.01; 19°C different from 22°C, p < 0.05, and 16°C was different from 22°C, p < 0.05; Figure 6A). Similarly, when exposed to 25°C, the K. armiger 16°C-adapted strain also showed the lowest (even negative) growth rates compared to the other two strains that grew at higher and rather similar rates (ANOVA and Tukey’s test p < 0.01; Figure 6A). Overall, the growth rates of K. armiger at 25°C were low compared to the strains adapted and incubated at 19 and 22°C (Figure 2D).
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FIGURE 6. Response of the different adapted grazers (16, 19, and 22°C) to a sudden exposure to 25°C (2 days acclimation plus 1-day experimental incubation), simulating a heatwave episode. Growth rates (A), ingestion rates (B), and GGEs (C) are presented. Statistical differences (p < 0.05) within each species are indicated by different letters. The error bars are SE.


The effects of incubation at 25°C on ingestion rates are presented in Figure 6B. G. dominans did not present any difference between the ingestion rates at 25°C, irrespective of the strain. In contrast, in O. marina and K. armiger, the strains adapted to 19°C (Tukey’s test for both p < 0.05) always showed the highest feeding rates, followed by those adapted to 22°C, and finally, the lowest rates were exhibited for the strains adapted to 16°C. K. armiger ingestion rates at 25°C were near zero for the strain adapted to 16°C (Figure 6B). The combination of ingestion and growth rates determine the values of GGE (Figure 6C). G. dominans grown at 19°C showed a lower GGE than that of the remaining strains of this species. All O. marina strains, on the other hand, showed similar GGEs at 25°C, irrespective of the temperature of adaptation. Finally, the K. armiger GGE was a direct function of adaptation to temperature, with the strains grown at higher temperatures showing more elevated GGEs (Figure 6C).




DISCUSSION

We evaluated the adaptive responses of four species of protistan grazers, including both heterotrophs and mixotrophs, to temperature. We started with several hypotheses that proved to be partially wrong. For instance, we did not find any robust evidence of lower C:N or C:P ratios resulting from temperature adaptation in either heterotrophs or mixotrophs. On the other hand, we found lower GGEs with increasing temperatures for some species, but others showed the opposite pattern. We also discovered evidence partially supporting the “hotter is better hypothesis” (Bennett, 1987), but only for a range of temperatures.


Temperature Effects on Stoichiometry

For autotrophs, one would expect that at short time intervals (acclimation) and given the higher Q10 of respiration than photosynthesis predicted by the metabolic theory of ecology (López-Urrutia et al., 2006; Rose and Caron, 2007), the C:N and C:P ratios would diminish with warming. The elemental ratio decrease is explained because increased respiration over photosynthesis would make C use proportionally more favored by warming than C assimilation, reducing the overall C pool over other elements. In contrast to expectations, this pattern in elemental ratios is not commonly found for well-adapted species to temperature, particularly in terms of C:P (Yvon-Durocher et al., 2017). For heterotrophs, the stoichiometric response to temperature is not straightforward because it is impossible to separate the direct effects of temperature from those of their prey. In their meta-analysis, Woods et al. (2003) concluded that P and N contents were higher in cold vs. warm environments across various animal groups, except for prokaryotes. However, generalizations are not always corroborated by individual experiments. For instance, copepod C:P ratios decreased with temperature in nauplii and copepodites under no limitation of this element in their diets; nevertheless, when P is limiting, copepodites increased their C:P with temperature, whereas nauplii kept it low (Mathews et al., 2018). For Daphnia spp., the P content is negatively related to temperature, as predicted, although this relationship is species-specific and dependent on the P contents of the prey (McFeeters and Frost, 2011). For protistan grazers, unfortunately, there is an obvious need for data. Our results show that the variations in the elemental composition per unit of cell volume in adapted protistan grazers due to temperature are minor. We should consider that equal stoichiometry combined with a hypothetic reduction in volume due to temperature may nevertheless result in a lower CNP transfer (via mesozooplankton grazing) to higher trophic levels. Therefore, the overall effects of temperature on nutrient transfer through the food web should be considered, even if the stoichiometry of the protistan grazers does not change much.



Does Size Matter?

Some organisms used in this study have been shown to present high body plasticity, modifying their cellular volume depending on the amount of ingested prey (Calbet et al., 2013). This fact could have masked the patterns of cell volume variations related to temperature. This does not seem to be the case because the experiments were conducted under satiating food conditions. Therefore, any change in volume during the incubations was because of a direct effect of temperature. It is surprising, then, that we did not observe a decrease in size between organisms adapted to 16°C and those adapted to 19°C. On the other hand, most of the strains adapted to 22°C, appeared smaller than those adapted at 19°C, although the differences were not significant in most of the occasions.

A decrease in the volume of autotrophs at higher temperatures, with its consequent increase in the surface/volume relationship, may favor the acquisition of dissolved inorganic nutrients. For heterotrophs, a size reduction does not seem to provide any advantage in terms of the acquisition of prey. A higher surface/volume relationship may also help obtain more oxygen, which availability is reduced by increased temperatures (Atkinson et al., 2003). Another advantage associated with the size decrease that accompanies temperature for unicellular organisms is to reduce settling rates (Atkinson, 1994; Atkinson et al., 2003). In our case, all the species considered swim, and size reduction would have only offered limited advantages. It has also been suggested that because an increased temperature will favor higher growth rates, a reduction in cell size at higher temperatures may be a response to increased population growth rates because cells that divide early will make up a more significant fraction of the total population (Atkinson et al., 2003). However, the only decrease in size we observed in our experiments (even though not significant) occurred at 22°C, and at that temperature, only G. dominans showed increased growth rates. In summary, our results do not clearly support the hypothesis of consistent decrease in size motivated by temperature in protozoans (Atkinson et al., 2003).



Acclimation vs. Adaptation

Most global theories about temperature effects on plankton are mainly based on acclimated-only organisms [e.g., Rose and Caron (2007)]. Therefore, it is critical to assess whether temperature-adapted organisms show the same response than acclimated organisms. Our data showed that this is not the case for many of the variables tested. Based on growth rates, we could conclude that our organisms adapted at 16°C followed the hypothesis “hotter is better” (Bennett, 1987; Knies et al., 2009) when exposed to a moderate temperature rise (+3°C). Increases of 6°C, however, compromised the physiological performance of most of the species, except for G. dominans, which continued to show an enhancement in growth rates.

When considering the GGE, however, we observed that this species showed a decrease in this variable with temperature, indicating a lower efficiency of converting food into growth at high temperatures. This is not unexpected because for zooplankton, the GGE at saturated prey concentrations usually decreases with increasing temperatures (Straile, 1997; Li et al., 2011), probably due to an imbalance between physiological rates. Surprisingly, the ciliate S. arenicola showed higher GGEs when exposed for a short period of time to a 3 and 6°C increase. This result could suggest that this species might be favored under a future climate change scenario. However, the lack of response to temperature in the adapted strains, and the collapse of the population when exposed to 25°C, indicate that 22°C was close to its physiological thermal limit, at least for the given temporal exposure.

Finally, we want to call attention to the fact that some GGEs found in this study were at the higher limit of those reported previously (Straile, 1997). Regarding K. armiger, it is important to note that the very high GGE found at 19°C for the acclimated organisms may have been a combination of its autotrophic and mixotrophic metabolism. Nevertheless, for the remaining grazers, this explanation does not apply. We believe the reason for such elevated GGEs may be a consequence of the body plasticity of protozoans, in many instances a direct function of the prey ingested (Calbet et al., 2013). When considering the specific growth used to calculate GGE, we could not discern between the actual increase in biomass due to cell growth and that derived from an accumulation of prey inside the grazer’s cell. Nevertheless, even though the absolute values may be somewhat high, we feel that the comparison between treatments should be correct.



Response to a Sudden Extreme Rise in Temperature: 25°C Experiment

The Intergovernmental Panel on Climate Change [IPCC] (2014) predicts an increase of ocean surface temperature from 0.3 to 4.8°C by the end of the twenty first century relative to 1986–2005. We have seen that many species will tolerate this increase, if gradual. However, climate change is also associated with abrupt temperature rises, known as heatwaves (Müren et al., 2005; Hayashida et al., 2020). The increase in temperature experienced by the 19 and 22°C adapted strains in the 25°C treatment was within the maximum range expected to occur in nature [up to 6.5°C, Hobday et al. (2016)], but maybe was unrealistically high for the 16°C adapted strains (+9°C). Despite this fact, however, the 16°C-adapted strains of G. dominans and O. marina showed higher growth and ingestion rates when incubated at 25°C than at 16°C (Figures 2, 4, and 6). Nevertheless, it is worth mentioning that the GGEs of the 16°C-adapted strains of all the species investigated were lower at 25°C than at 16°C, and that the maximum growth and ingestion rates of O. marina and K. armiger at 25°C were found for the 19°C-adapted strains (Figure 6). Particularly, the mixotrophic dinoflagellate seemed quite susceptible to abrupt exposure to high temperatures, dying at 25°C if adapted to 16°C, but thriving relatively well when adapted to higher temperatures. For this species, adaptation conferred clear resistance to sudden increases of temperature because the performance under 25°C was greatly improved when adapted to warmer temperatures. S. arenicola was the most extreme case of weak resistance to high temperature not surviving the acclimation period, and with even the 16°C adapted strain dying in less than 24 h. In summary, adaptation to warmer temperatures, even if not always fully developing the potential of the species, helps overcome the effects of short-term abrupt increases in temperature in some cases.



Were the Strains Fully Adapted to the Experimental Temperatures?

We define acclimation as the reversible physiological changes that improve an organism’s function in the environment, whereas adaptation involves more profound genetic changes (Bennett and Lenski, 1997). In phytoplankton, previous reports suggest that a few hundred generations are enough for thermal adaptation (Listmann et al., 2016; O’Donnell et al., 2018; Aranguren-Gassis et al., 2019). However, we are not aware of similar data for protistan grazers. As these organisms also have fast generation times, one could assume a similar rule may apply. The minimum time interval the adapted strains were reared at a given temperature was 7 months, and this occurred at the highest temperature tested (22°C), meaning shorter generation times. The growth rates found in our study at 22°C ranged from 0.23 d–1 in K. armiger to 1.0 d–1 in S. arenicola, which represents less than one doubling per day for the mixotrophs and over one doubling per ciliate. It can be argued that at least K. armiger at 22°C may not have gone through enough generations (one hundred at most, assuming food was not always in excess) to ensure a genotypic change.

However, it is precisely in this species where we found the highest performances (i.e., growth rates) at 22°C of the adapted strains compared to those of the merely acclimated strains (Figure 2). Thus, we can conclude that even if there is likely still room to adapt to warmer temperatures, the species showed clear evidence of adaptation to high temperatures. Similarly, Huertas et al. (2011) also concluded that not all phytoplankton adapt to the temperature at the same speed. Some species are much faster than others; i.e., some algae can adapt to tolerate high temperatures after only 45 days (Padfield et al., 2016). Perhaps, the changes shown in these responses to temperature did not involve mutation but are epigenetic, and therefore, reversible. In this respect, we should be aware that despite 16°C was closer to the temperature of origin of most of our strains, after so many years in the laboratory at 19°C under a controlled environment, different from what we find in nature (no predators, minor fluctuations in the physicochemical variables, etc.), our 16°C-adapted clones could be different from the wild specimens originating the cultures. Natural selection forces in nature are different than those in the laboratory. Therefore, we cannot expect wild protists to behave the same way as our cultures. Clear evidence of this is the results of Arias et al. (2021), who found the ciliate S. arenicola lost its diel feeding rhythm after prolonged periods of laboratory cultivation and partially recovered it when exposed to predators chemical cues.

It can also be questioned whether our food scenario during the cultivation of the organisms could have interfered with the adaptative process. The experiments presented here were conducted at saturating food concentrations to ease the comparison between treatments. However, the thermal adaptation of the strains took place in periods of variable food conditions. Routine maintenance of cultures is designed to feed the protistan grazers every 1 or 2 weeks, allowing them consume most of the available prey. Some researchers have suggested that nutrient limitation impairs the ability of algae to adapt to lethal temperatures because of a trade-off between increased temperature tolerance and higher N requirements (Aranguren-Gassis et al., 2019). Perhaps, this situation may also be similar for heterotrophs. In our study, the range of temperatures used was below those considered lethal for the selected species, except for 25°C, which was not used to adapt any strain. We cannot discount, however, that intermittent starvation could have affected our results, explaining why our 22°C-adapted strains did not perform better than those at 19°C. Given that constant food is seldom found in nature and that food fluctuations seem to be normal (Haury et al., 1978; Mackas et al., 1985), we believe our adaptative process mimics natural communities much better than constantly fed organisms in typical experimental setups.



Final Remarks

We can conclude that in protistan grazers, adaptation to temperature confers a selective advantage to warming within a reasonable limit (i.e., ca. +3°C), at least under food satiating conditions. Attempts to adapt to much higher temperatures (i.e., +6°C) do not confer any clear physiological advantage within the temporal framework of our experiments. Perhaps, the most remarkable exception to this was K. armiger, the only mixotroph that showed higher growth and grazing rates at 22°C in the adapted strains than in the acclimated strains. S. arenicola also showed this pattern in growth rates but not in ingestion rates. We cannot generalize with one single species that mixotrophs will thrive more than heterotrophs at higher temperatures. However, it is notable that the metabolic theory of ecology (López-Urrutia et al., 2006; Rose and Caron, 2007) predicts that heterotrophs may do better than autotrophs under a future global change scenario. Mixotrophs, showing a dual mode of nutrition, may then become more heterotrophic at higher temperatures and be favored. Interestingly, for short-term (24 h) responses to temperature, Ferreira et al. (submitted)1 found that in mixoplankton (including our strain of K. armiger), grazing was impaired at warmer temperatures, whereas photosynthesis increased. We can corroborate the results for grazing; our acclimated K. armiger did not respond well to warming in terms of ingestion rates. However, after proper adaptation, the ingestion rates were remarkably high (although we have no information on photosynthetic rates). Overall, this particular observation, even if not conclusive, calls for further research on the subject and a cautious interpretation of the interaction of marine protists and temperature when sufficient time to develop adaptive responses does not occur. Finally, we also want to emphasize that our experiments were conducted under excess of food and feeding on prey that were nutrient repleted. Other food scenarios would securely render different outcomes. This is particularly important because experimental assessments of temperature costs on fitness may be more evident when resources are limiting, and the other way around, food-limited organisms may have higher problems adapting to high temperatures (Aranguren-Gassis et al., 2019).
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FOOTNOTES

1 Ferreira, G. D., Grigoropoulou, A., Saiz, E., and Calbet, A. (submitted). The effect of short-term temperature exposure on critical physiological processes of mixoplankton and protozooplankton.
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Synechococcus is one group of main primary producers and plays a key role in oceanic carbon fixation and transformation. To explore how the temperature rise affects the bioavailability of Synechococcus-derived dissolved organic matter (SOM) and whether this effect would be altered by the involvement of heterotrophic bacteria, we compared the optical and molecular properties of the SOM of axenic Synechococcus sp. PCC7002 culture (Syn) to that with associated heterotrophic bacteria (SynB) under 15, 18, and 21°C growth temperatures at exponential and decay growth phases. Our results showed that the temperature rise increased the bioavailability of the SOM of both Syn and SynB cultures by lowering the proportion of the hydrogen-poor and double-bond structure-rich humus-like components and highly unsaturated substances, as indicated by the increase of spectral slope ratio (SR) and biological index (BIX) and decrease of humification index (HIX). Moreover, the involvement of heterotrophic bacteria modified the Synechococcus-derived SOM, together with its intracellular dissolved organic matter (DOM) excludes, lowering the SOM bioavailability. Our results indicated that the warming in climate change scenario may enhance the bioavailability of the Synechococcus-derived SOM although it may be tempered by the involvement of heterotrophic bacteria, providing an insight for preservation of the organic carbon pool in global oceans.

Keywords: dissolved organic matter (DOM), bioavailability, temperature rise, heterotrophic bacteria, exponential and decay phases, Synechococcus sp. PCC7002


INTRODUCTION

Synecchococcus is a significant group of photosynthetic carbon sequestration organisms that are widely distributed in coastal and oceanic environments, and is thus of great value in marine ecosystem (Huang et al., 2011; Jiao et al., 2011). Previous studies predicted that ocean warming will promote the importance of Synechococcus in the oceanic carbon cycle through expanding their distribution range and increasing their cell abundance (Morán et al., 2010; Flombaum et al., 2013). The Synechococcus-derived dissolved organic matter (SOM) that is released into surroundings via secretion, natural cell death, viral lysis, and predation (Jiao et al., 2010; Fiore et al., 2015; Xiao et al., 2020) largely contributes to the marine dissolved organic matter (DOM) pool (Jiao et al., 2011; Gontikaki et al., 2013), and is thus one of the main drivers for the oceanic carbon cycle (Dufresne et al., 2008). The ultimate fate of SOM is usually determined by the associated heterotrophic bacteria in the ocean, and the bioavailability of SOM influences its persistence and the development of DOM pools (Jiao et al., 2010; Sarmento et al., 2016). Generally, the bioavailability of DOM refers to the consumed or/and utilized degrees of DOM compounds by associated heterotrophic bacteria, which primarily depends on their chemical composition (Berggren and Giorgio, 2015). Contrary to common belief, the DOM produced by algae did not always have high bioavailability (Koch et al., 2014). For example, a study by Koch et al. (2014) showed that only 20% of organic carbon from marine algae was degraded during the 2-year cultivation. Moreover, the DOM induced by viral lysis from cyanobacteria was detected to have similar optical properties with that from natural deep-ocean, indicating a great possibility that the cyanobacteria-derived DOM directly contributes to the refractory DOM (RDOM) formation (Zhao et al., 2017).

Ocean warming is accelerating, with surface seawater temperature being expected to increase by 1–7°C by the end of this century (Kattsov et al., 2001; Levitus et al., 2005; Gleick et al., 2010; Cheng et al., 2019). Previous studies indicated that global warming enhances the bioavailability of marine DOM (Segschneider and Bendtsen, 2013). The available evidence also indicated the possible effects of ocean warming on the bioavailability of SOM. For instance, many studies reported the temperature rise deeply affected the physiology, biochemical compositions, and carbon fixation of Synechococcus (Fu et al., 2007; Paerl and Huisman, 2008; Flombaum et al., 2013; Harvey et al., 2013; Paul et al., 2018). Furthermore, the elevated temperature has been observed to accelerate the production of phytoplankton fluorescent DOM (FDOM) (Yang et al., 2020). The temperature rise was also observed to be tightly coupled with the amount of extracellular microcystin (Walls et al., 2018), heterocyst glycolipid ketone alcohols (Bauersachs et al., 2014), and fatty acid (Nalley et al., 2018) produced by cyanobacteria. However, it is unclear about the effects of temperature rise on the molecular properties of SOM.

The exudations of both healthy and dead Synechococcus cells contribute to the SOM within surroundings (Agustí et al., 1998; Marañón et al., 2004; López Sandoval et al., 2013; Becker et al., 2014). Approximately, 25–65% of environmental DOM is released by cell lyse, viral lysis, or grazing activity, and is considered as intracellular DOM (Hygum et al., 1997; Myklestad and Swift, 1998; Møller et al., 2003; Malits et al., 2021). Compared with the intracellular DOM released due to cell death, the extracellular DOM secreted during cell growing, e.g., chromophoric DOM (CDOM) and FDOM, were more photolabile, with faster photochemical removal (Bittar et al., 2015). In addition, the molecular weight, double bond equivalents (DBE), hydrogen to carbon ratio (H/C), and modified aromatic index (AImod) of the algae-associated DOM often increase with algae cell growing or decay durations, indicating the transformation from active to refractory DOM (Liu et al., 2021). Apart from that, heterotrophic bacteria also play an important role in both the growth of Synechococcus and transformation of SOM (Zheng et al., 2017, 2019). Experiments assessing the SOM without the effects of heterotrophic bacteria have so far been scarce. In return for utilization of the organic carbon fixed by cyanobacteria, the heterotrophic bacteria benefit them by providing complex and unidentified substances like vitamins and bioavailable trace metals (Amin et al., 2009; Kazamia et al., 2012). Because of this, rendering axenic cyanobacteria is difficult for laboratorial cultures. Therefore, few studies have so far focused on how temperature affects the bioavailability of DOM in Synechococcus, especially under different growth phases and with/without heterotrophic bacteria transformations.

It is of great significance to study the bioavailability change of SOM under elevated temperature when considering its contribution to the oceanic carbon pool. Cyanobacteria like Synechococcus are one group of the dominating photoautotrophic microorganisms in the middle and low latitudinal coastal waters (Flombaum et al., 2013), while the Synechococcus sp. PCC7002 is a model strain and mainly distributed in the coastal waters (Mou et al., 2017, 2018). Therefore, in this study we examined the changes of the properties of DOM from Synechococcus sp. PCC7002 with and without the associated heterotrophic bacteria effects under different growth temperatures (15, 18, and 21°C) at exponential and decay growth phases. This study intended to elucidate how the increased temperature influences the persistence of SOM pool in global oceans.



MATERIALS AND METHODS


Experimental Design

The marine Synechococcus sp. PCC7002 culture with microbes was obtained from Xiamen University Center for Marine Phytoplankton. In this culture, 30 mainly associated bacteria strains belonging to six species (Supplementary Table 1) were identified with agar 2216 medium. Among them the Halomonas sp. that belongs to class Gammaproteobacteria was dominant and isolated with streak plate methods and used in the following experiments. The axenic Synechococcus sp. PCC7002 was isolated by streaking onto the A+ agar plate and purified by repeatedly culturing in solid and liquid media (Zhang et al., 2021).

To probe how heterotrophic bacteria affect the bioavailability of SOM, we cultured both axenic Synechococcus sp. PCC7002 (Syn) and that with Halomonas sp. (SynB) in A+ medium with the Fe-EDTA, Tris-HCl, and vitamin B12 concentrations being adjusted to 7.5 μM, 4 mM, and 3 nM, respectively (Stevens and Porter, 1980; Ludwig and Bryant, 2011). Such an adjustment was to eliminate the influence of external organic carbon while maintaining the growth of Synechococcus sp. PCC7002. Both the Syn and SynB cultures were grown in 300-ml conical flasks (50-ml cultures) under the temperatures of 15, 18, and 21°C in a light incubator (ZQZYCGF8, Shanghai, China). Continuous growth light was provided by a panel of LEDs (Light Emitting Diodes) on top of the incubator with light intensity of 20 ± 1.0 μmol photons m–2 s–1, that was measured with a microscopically quantum sensor (QRT1, Hansatech, United Kingdom) in a culture flask filled with medium. Such a low growth light was chosen to limit the photodegradation or photo transformation of the Synechococcus-derived SOM, as well as maintain the favorable growth of Synechococcus sp. PCC7002 (Mackey et al., 2017). Under each temperature, 20 replicate flasks for each Syn and SynB culture were maintained for the subsequent determination of growth, SOM absorption, and fluorescence and molecular compositions. In each flask, the initial Synechococcus sp. PCC7002 cell density was adjusted to ∼107 cells ml–1, and extra Halomonas sp. isolated above was co-inoculated in SynB culture to the density of ∼106 cells ml–1 (Zhang et al., 2021). Before inoculating to the Syn culture, the bacteria was pre-cultured 2 days in marine broth 2216 at 33°C and washed twice with the modified A+ medium. All the glassware used in this experiment was pre-combusted at 450°C for 5 h to eliminate the effects of external organic carbon.



Growth Phase Determination

Growth of Synechococcus sp. PCC7002 in Syn and SynB cultures was tracked through monitoring the changes in cell abundance using a flow cytometer (Accuri§ C6, Becton-Dickinson, Franklin Lakes, NJ, United States). Every 1–3 days, 1-ml culture was taken out from random three flasks of Syn and SynB cultures under each temperature, and the cell abundance was measured. In addition, the decay phase can be primarily identified with the visible color changes, i.e., from blue-green to yellow-green.

We identified the exponential growth phase at Days 10–32 in Syn and at Days 14–35 in SynB cultures following Mou et al. (2018), and calculated the specific growth rate (μmax, d–1) with the equation:
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where Nt and Nt0 are the culture cell abundance at the time t and t0, respectively.



Dissolved Organic Matter Absorption and Fluorescence Measurements

In the exponential growth phase, random three replicate flasks of Syn and SynB cultures were taken out from the incubator to measure DOM absorption and fluorescence. From each flask, 5 ml culture was taken out and filtrated through a pre-combusted (450°C, 5 h) GF/F filter (Whatman, 25 mm in diameter), and the filtration was collected, dispensed into a brown glass tube, and stored at 4°C after 10-time dilution until later measurements of absorption and fluorescence within 3 days. After sampling, these flasks were discarded to eradicate contamination. At the end of cultivation, such a sampling process was performed again, for the DOM determinations in decay growth phase.

To measure the DOM absorption, the filtration was put into a 1-cm quartz cuvette of spectrophotometer. The DOM absorption spectrum was scanned from 250 to 600 nm with a 1-nm increment, referencing to Milli-Q water. Mean absorptions from 575 to 600 nm were used to correct the effects of scattering and baseline fluctuation (Helms et al., 2008). The absorption coefficient of CDOM was calculated (Bricaud et al., 1981) as:
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where aCDOM(λ) is the corrected CDOM absorption coefficient at wavelength λ, ACDOM (λ) is the corrected optical density at wavelength λ, and L is the path length (m).

The spectral slope was calculated using a non-linear least squares fitting routine over the range of 275–295 nm (S275–295) and 350–400 nm (S350–400) (Nvdv, 2002) as:
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where λo is a reference wavelength and S is the spectral slope parameter.

The spectral slope ratio (SR) was defined as the ratio of the spectral slope of 275–295 nm to that of 350–400 nm. Generally, the average molecular weight and aromaticity of CDOM are inversely proportional to SR: Lower SR indicates higher aromaticity, while higher SR indicates lower aromaticity and thus easier biological degradation (Helms et al., 2008).

To measure excitation emission matrix (EEM), the DOM sample was dispensed into a 1-cm quartz cuvette and measured using a fluorescence spectrophotometer (Cary Eclipse, Agilent, Santa Clara, CA, United States) with the excitation and emission wavelengths of 250–550 nm and 250–600 nm, respectively. The excitation and emission slit widths were set as 10 nm, with the scan speed of 1,200 nm min–1. Parallel factor analysis (PARAFAC) was performed in MATLAB 2021a with the drEEM toolbox 0.6.3 (Murphy et al., 2013). Moreover, the Milli-Q water was used as blank to calibrate the EEMs data (Lawaetz and Stedmon, 2009; Guo et al., 2011), and all the fluorescent data were presented in Raman Units (RU), from which the humification index (HIX) (Ohno, and Tsutomu., 2002), and biological index (BIX) (Huguet et al., 2009) were calculated.



Molecular Signature Determinations

After measuring DOM absorption and fluorescence, the remaining cultures (∼40 ml in each of three replicate flasks) were mixed together, filtered through a GF/F filter, and collected into a pre-combusted glass bottle. The collected filtrate was extracted through methanol-rinsed and formic acid-acidified PPL solid-period extraction cartridges (500 mg, Agilent Technologies) with the speed of ∼5 ml min–1. After extraction, the cartridges were washed with 15 ml formic acid (Sigma-Aldrich, Darmstadt, Germany, 98%), dried, and stored at -20°C for later DOM molecular signature analysis with a Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). The DOM molecular signature analysis was conducted by a 9.4 Tesla Apex-ultra FT-ICR MS in the Heavy Oil Key Laboratory, School of Chemical Engineering, China University of Petroleum, Beijing, China (He et al., 2020). To determine molecular properties, the DOM in PPL was eluted with 10 ml chromatographically pure methanol (Sigma-Aldrich, Darmstadt, Germany) and injected into instrument at speed of 180 μl h–1. The operating conditions for negative formation were set as: 3.0 kV emitter voltage, 3.5 kV capillary column introduce voltage, and -320 V capillary column end voltage, and the samples were scanned over an m/z range of 200–800. Then, based on the AImod index (Qiao et al., 2020) and H/C, the DOM compounds were grouped into five classes (Seidel et al., 2014): polycyclic aromatics (AImod > 0.66), polyphenols (0.5 < AImod < 0.66), highly unsaturated and phenolic compounds (AImod ≤ 0.5 and H/C < 1.5), aliphatic compounds (1.5 ≤ H/C < 2), and saturated compounds (AImod < 0.5 and H/C > 2). The intensity of molecular formula is also taken into account when calculating the percentage of each class. The DBE values were calculated (Koch and Dittmar, 2006) to characterize the number of double bonds in molecules.



Statistical Analyses

All the parameters were presented with mean and standard deviations (mean ± SD) of three independent biological replicate cultures except for the FT-ICR MS data from a mixture of the three replicates. Paired t-test was performed with OriginPro 2021 software (Origin Lab Corporation, Northampton, MA, United States), and a linear regression was applied to test the correlation of measured parameters to temperature. The significance level was set as p = 0.05.




RESULTS AND DISCUSSION


Synechococcus Growth

Growth of Synechococcus sp. PCC7002 in the Syn and SynB cultures under different temperatures is shown in Figure 1. The μmax of Synechococcus in the axenic culture were 0.12 ± 0.02, 0.15 ± 0.04, and 0.17 ± 0.03 d–1 under 15, 18, and 21°C, while that in SynB culture were 0.09 ± 0.02, 0.18 ± 0.02, and 0.18 ± 0.01 d–1, indicating the inhibitory effect of adding bacteria upon the growth merely occurred at low temperature. By contrast, symbiotic heterotrophic bacterial bacteria often promote the growth of algae by providing them with micronutrients like vitamins or bioavailable trace metals (Amin et al., 2009). Such a positive effect is closely related to temperature according to our results. Although adding bacteria showed a limited effect on the growth of Synechococcus at higher temperatures, it indeed induced approximately 50% promotion in cell density at both 18 and 21°C at stationary phase if comparing the cell abundance of Syn culture to that of SynB culture (i.e., 1.21 × 109 ± 2.02 × 107 vs. 2.67 × 109 ± 5.52 × 107 at 18°C; and 1.26 × 109 ± 1.46 × 107 vs. 2.80 × 109 ± 2.13 × 107 at 21°C). Consistent with this finding, a model result by Flombaum et al. (2013) showed that the abundance of Synechococcus increases in the future oceans. It was worth noting that the final cell density of Synechococcus at 15°C was insignificant between Syn and SynB cultures. This may be explained that the heterotrophic bacteria may have activated the growth of Synechococcus through providing them essential micronutrients (Hayashi et al., 2011; Kazamia et al., 2012), but such an activated function just started when temperature is over a threshold of e.g., higher than 18°C (Figure 1).
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FIGURE 1. Changes of cell density (indicated by adjusted OD730) of Synechococcus sp. PCC7002 in cultures without [(A), Syn] and with heterotrophic bacteria [(B), SynB] during cultivation periods under temperatures of 15, 18, and 21°C. Points show averages of measurements on three independent cultures and vertical bars show standard deviations (n = 3).




Common Chromophoric Dissolved Organic Matter Properties

Chromophoric dissolved organic matter is an important component of DOM and its vital role in the marine carbon cycle has been widely acknowledged (Yamashita et al., 2010; Andrew et al., 2013). To explore the impacts of temperature on the common CDOM properties of SOM, we measured the absorbance (SR) and fluorescence indicators (HIX and BIX) of the Syn and SynB cultures under three different temperatures (Figure 2), which are well-known to closely correlate with the bioavailability of DOM (Cory and McKnight, 2005; Helms et al., 2008; Huguet et al., 2009; Yuan et al., 2017).
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FIGURE 2. Spectral slope ratio [(A,B), SR], humification index [(C,D), HIX], and biological index [(E,F), BIX] of Synechococcus-derived dissolved organic matter (SOM) at exponential and decay phases, in Synechococcus sp. PCC7002 cultures without [(A,C,E), Syn] and with heterotrophic bacteria [(B,D,F), SynB] under temperatures of 15, 18, and 21°C. Vertical bars indicate standard deviations (n = 3), and different letters on top of bars indicate significant difference (paired t-test, p < 0.05).


In axenic Syn culture, the SR of SOM increased from 3.73 ± 0.64 at 15°C to 5.71 ± 0.69 at 21°C at exponential growth phase, while it increased from 1.55 ± 0.12 to 3.30 ± 0.27 at decay phase (Figure 2A). Higher SR values are generally associated with the lower DOM molecular weight and aromaticity (Helms et al., 2008), while the DOM with lower aromaticity is often less stable and more likely to be utilized by heterotrophic microorganisms (Zhou et al., 2020). Therefore, the elevated temperature may have reduced the molecular weight and aromaticity, leading to the better bioavailability of SOM. Moreover, the SR value at exponential phase was significantly higher than that at decay phase, no matter under what temperatures (Paired t-test, 15°C, t = 6.94, p < 0.05; 18°C, t = 8.82, p < 0.05; 21°C, t = 4.38, p < 0.05), indicating the bioavailability of SOM is higher in former than latter growth phases. A possible explanation is that the more permeability of cell membrane at decay phase allowed the release of intracellular matters like pigments to surroundings, while these metabolites may contribute to the humic-like fluorescent groups (Zhao et al., 2017). It may thus be speculated that the addition of such a humic substance results in the decrease of the bioavailability of SOM. Evidence that elevated temperature enhanced the bioavailability may also be inferred from the HIX and BIX values of SOM, which decreased from 0.99 ± 0.00 to 0.96 ± 0.01 and increased from 0.53 ± 0.03 to 0.61 ± 0.01 with temperature increasing from 15 to 21°C at exponential phase (Figures 2C,E). At decay phase, the HIX was similar to that at exponential phase, but the BIX was significantly lower (paired t-test, 15°C, t = 4.61, p < 0.05; 18°C, t = 6.98, p < 0.05; 21°C, t = 13.48, p < 0.05), and both HIX and BIX presented similar temperature-dependent changes. HIX values correspond to the ratio of fluorescence intensity between humic and protein-like components at long excitation wavelengths (Ohno, and Tsutomu., 2002), and higher HIX values thus indicate the presence of complex molecules like high molecular weight aromatics (Senesi et al., 1991). It is generally believed that the DOM that can persist for a long time in deep sea often contains large amounts of humic substances that are not easily utilized by microorganisms (Zhao et al., 2017); in contrast, protein-like components have a rapid turnover rate and cannot retain for a long time in marine environment (Zhang and Wang, 2017). The BIX characteristics of autochthonous biological activity in water (Huguet et al., 2009) essentially reflects the ratio of fluorescence intensity of humic-like component peaks at short wavelengths to that at long wavelengths. The fluorescence emission spectra usually move toward longer wavelengths with increasing aromaticity (Senesi, 1990). Therefore, the accumulation of more fluorescent substances at short wavelengths means the higher BIX values and the DOM being more easily utilized; the higher BIX values, the more fresh and higher bioavailability of DOM (Cory and McKnight, 2005; Huguet et al., 2009). Given the lower HIX and higher BIX at 21°C condition, the SOM from the cultures under higher temperature have a lower degree of humification and can be retained for a shorter time period. Again, these SOM were inferred from higher bioavailability. The mechanisms underlying this phenomenon need to be studied further. Moreover, consistent with SR, the lower BIX at exponential than decay phases (Figures 2A,E) also indicated the higher bioavailability of SOM in former than latter phases.

All of the above results appeared to suggest that higher temperature favors higher bioavailability of SOM. Does the heterotrophic bacterial biological process change this? As compared to axenic Syn culture, the SR of SOM of non-axenic SynB culture was significantly lower among all temperatures in both exponential and decay growth phases (Paired t-test, t = 5.69, p < 0.05), and with an insignificant increase of increasing temperature (Figure 2B). Similar to SR, the decrease effect by adding heterotrophic bacteria also occurred in the BIX (Figure 2F). The heterotrophic bacteria addition significantly enhanced the BIX at 18 and 21°C, but not at 15°C (Figure 2F), indicating the modification of heterotrophic bacteria on bioactivity of SOM. Consistently, previous studies demonstrated that heterotrophic bacterial processes can make the DOM more resistant to further degradation (Liu et al., 2021). According to Ogawa et al. (2001),Jiao et al. (2010),Jiao et al. (2011), and Benner (2011), most of the SOM modified by heterotrophic bacteria were converted into inorganic carbon and returned to environments, and the others were converted into more complex organic structures and retained in the environments for the extended time-periods, which was also illustrated in this study.



Fluorescent Components of Synechococcus-Derived Dissolved Organic Matter

During calculation process of the above fluorescence parameters, the limited data such as a single point fluorescence signal (e.g., BIX) or the segment of fluorescence signal at a single excitation wavelength (e.g., HIX) were considered, which inevitably introduced into the deviations. The PARAFAC component analysis was thus performed to validate the changes of the bioavailability of SOM. To characterize the structures of SOM, we detailed its fluorescence and identified a total of five main components (C1–C5) from all samples according to EEM-PARAFAC model (Supplementary Figure 1), being detailed in Table 1. Components 1–3 and 5 have been evidenced as humus-like substances (Stedmon et al., 2003; Stedmon and Markager, 2005a,b; Murphy et al., 2008; Yamashita et al., 2008; Zhang et al., 2009), and the Component 4 as protein-like substances (Yu et al., 2015). Components 1–3 are usually considered as terrestrially derived humic substances (Coble, 1996); while some studies have also identified these components as algae-derived DOM (Mou et al., 2017; Zhao et al., 2017), also in this study (Supplementary Figure 1). Component 5 has also been reported to be associated with heterotrophic microbial processes (Zhang et al., 2009). But we found it not only presented in SynB culture, but also in axenic culture of Synechococcus; it suggested the participation of heterotrophic bacteria was not necessary to produce Component 5. Furthermore, component 1 displayed similar optical properties as the fluorescent component BATS1 from deep sea [ex| em: 250 (340)| 460 nm], while the component 5 was similar to component BATS2 [ex| em: 250 (310)| 400 nm] (Zhao et al., 2017). Our results again confirmed the conclusion that Synechococcus is one of an important source of deep-sea autochthonous FDOM (Zhao et al., 2017; Zheng et al., 2020). Previous studies have also identified the protein-like components including tyrosine- and tryptophan-like fluorophores (Stedmon and Markager, 2005a,b), and Component 4 in this study could be identified as autochthonous tyrosine-like fluorophores (Yu et al., 2015). In general, it is speculated that all the fluorescent components identified in this study could be produced by Synechococcus that may do the contribution in field oceans.


TABLE 1. Fluorescent components identified by parallel factor analysis (PARAFAC).

[image: Table 1]
Difference in contribution of the five components to total CDOM fluorescence intensity in each DOM sample is shown in Figure 3 (the data quality as indicated by the SD versus mean value of three biological replicates is shown in Supplementary Figure 2). In general, the humus-like fluorescent substances (C1–3 and C5) are dominant in SOM (i.e., 87–95%). A similar result was also reported by Zheng et al. (2020). Furthermore, the humus-like fluorescent components derived from both Syn and SynB cultures were mainly the components 1 and 2 (over 70%). Similar results have also been found in some other Synechococcus cultures, such as Synechococcus CB0101 and Synechococcus sp. YX04-3 (Zhao et al., 2017; Zheng et al., 2019). In Syn culture, the sum of humus-like substances (C1, C2, C3, and C5) significantly decreased with increasing temperature in both exponential (R2 = 0.99, p < 0.05) and decay growth phases (R2 = 0.97, p < 0.05), although no clear trend was observed in each component (Figure 3A). In protein-like component (C4), however, this trend contrarily increased. The protein-like component has simpler cellular structure and could be utilized more easily by heterotrophic bacteria, as compared with the humus-like component (Zheng et al., 2020). Therefore, the increased protein-like component could be responsible for the increase of the bioavailability of SOM at elevated temperature. In addition, reliability of the results about the changes of SOM bioavailability from optical indicators was also considered. However, based on the FDOM data, the reasons why the higher bioavailability of SOM occurred in exponential growth phase and was not modified by heterotrophic bacteria could not be explained at present (Figure 3); this would be further explained by the molecular composition of the SOM identified with FT-ICR-MS.
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FIGURE 3. Relative contribution (%) of the main fluorescence components (C1, C2, C3, C4, and C5) to total chromophoric dissolved organic matter (CDOM) fluorescence (Raman Units, RU) of Synechococcus-derived dissolved organic matter (SOM) at exponential and decay phases, in Synechococcus sp. PCC7002 cultures without [(A), Syn] and with heterotrophic bacteria [(B), SynB] under temperatures of 15, 18, and 21°C.




Chemical Composition of Synechococcus-Derived Dissolved Organic Matter

The FT-ICR-MS analysis can provide information about the molecular compositions of DOM (Martínez-Pérez et al., 2017; Zark and Dittmar, 2018) that may indicate its bioavailability through revealing the large diversity of organic compounds (Figure 4 and Supplementary Figure 3). Due to the limitation of extraction efficiency of PPL cartridge, here we just analyzed the extractable and ionizable components of DOM. The 3D Van Krevelen diagram showed the detailed information of SOM molecules in terms of element compositions, i.e., oxygen to carbon ratio (O/C), H/C and nitrogen to carbon ratio (N/C) (Figure 4). Based on the element compositions (CHO, CHNO, CHOS, and CHNOS), the SOM can be classified into four groups. Apart from C, H, and O, they also contained abundant nitrogen and sulfur, consistent with previous studies that reported the DOM released by marine Synechococcus was a substantial source of in situ nitrogen- and sulfur-containing compounds (Zhao et al., 2017; Zheng et al., 2019, 2020). In Syn culture at 15°C temperature, 2,826 and 2,528 molecular formulas were identified in SOM in exponential and decay growth phases, and the numbers were 2,276 and 2,380 at 18°C, and 1,261 and 1,726 at 21°C, respectively (Supplementary Figure 3). The types of identified molecular formulas of SOM were more simplified at higher temperatures, indicating the ocean warming may make the SOM composition more and more simplification. Moreover, the bacteria addition has increased the diversity of SOM molecules (Supplementary Figure 3), suggesting the associated heterotrophic bacteria have contrarily changed this phenomenon.
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FIGURE 4. 3D Van Krevelen diagram showing the characteristics of each molecule identified by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). Each ball represents a molecular formula and “n” is the total number of molecular formulae. Dark blue, light blue, orange, and red colors indicate the formulae containing element CHO, CHON, CHOS, and CHONS, respectively.


To further explore the compositions of SOM, the DOM compounds were divided into five classifications according to AImod value and H/C ratio, among which the sum of highly unsaturated and phenolic compounds and aliphatic compounds accounted for more than 95%, while the remaining (i.e., sum of polycyclic aromatics, polyphenols, and saturated compounds) accounted for less than 5% (Figure 5). According to Liu and co-authors the algal-derived DOM are lack of compounds with the AImod > 0.67 (Liu et al., 2021). Our study further indicated that the proportion of compounds with AImod > 0.5 (polycyclic aromatics and polyphenols) was low in SOM. The saturated compounds were shown with low abundance in various DOM samples (Seidel et al., 2014, 2015; Qiao et al., 2020), consistent with this study. As below, we focused on two more abundant compounds (i.e., highly unsaturated and phenolic compounds and aliphatic compounds). The proportion of aliphatic compounds in Syn cultures increased from 46.14 to 63.24% as temperature increased from 15 to 21°C at exponential growth phase. At decay phase, a similar temperature-dependent increase trend occurred. In contrast, the proportion of highly unsaturated and phenolic compounds decreased with increasing temperature. The modification of cellular fatty acid composition has been widely reported to maintain the normal cell growth across temperatures (Thompson, 1996). Compared with highly unsaturated and phenolic compounds, the aliphatic compounds had higher biodegradability and more rapidly turnover rate (Kellerman et al., 2018). Therefore, it is likely that the increase of aliphatic compounds in SOM caused by elevated temperature was responsible for the increase of its bioavailability. Moreover, the proportion of aliphatic compounds was 1–12% higher in exponential than decay phases among all temperature treatments (Figure 5). It may also explain why the bioavailability of SOM in the exponential growth phase was relatively high due to the lower proportion of highly unsaturated and phenolic compounds and higher aliphatic compounds. This result is consistent with the findings of Liu et al. (2021) that the amount of more recalcitrant compounds increased with the growth and degradation of algal cells. Most of SOM in exponential growth phase was secreted by Synechococcus cells, while in decay growth phase it was a mixture with intracellular substances exuded by cell death. It could be speculated that the bioavailability of intracellular SOM was lower than that being secreted during cell growth. In SynB cultures, the proportion of highly unsaturated and phenolic compounds in culture SynB was about 3–9% higher than that in culture Syn in both growth phases (Figure 5). It is possible that heterotrophic bacterial modifications play an important role in formation of highly unsaturated and phenolic compounds. The heterotrophic bacteria usually prefer to utilize the relatively well-used aliphatic compounds rather than highly unsaturated and phenolic compounds, during which part of aliphatic compounds were transformed into inorganic matters by respiration and the remaining may be modified to other components and retained in cultures (Jiao et al., 2010; Hach et al., 2020). So, the proportion of highly unsaturated and phenolic compounds was higher and that of aliphatic compounds lower in SynB cultures, thus suggesting that heterotrophic bacteria modify the bioavailability of SOM by altering their molecular composition.
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FIGURE 5. Relative abundance (%) of classification classes based on the modified aromatic index (AImod) values and hydrogen to carbon ratio (H/C) of Synechococcus-derived dissolved organic matter (SOM) at exponential and decay phases, in Synechococcus sp. PCC7002 cultures without [(A), Syn] and with heterotrophic bacteria [(B), SynB] under temperatures of 15, 18, and 21°C. The polycyclic aromatics are defined as AImod > 0.66, polyphenols as 0.5 < AImod < 0.66, highly unsaturated and phenolic compounds as AImod ≤ 0.5 and H/C < 1.5, aliphatic compounds as 1.5 ≤ H/C < 2, and saturated compounds as AImod < 0.5 and H/C > 2.


Overlap and difference of molecular formulas of SOM among different treatments are illustrated in Supplementary Figure 4: the similarities and differences among different growth phases or cultures without or with bacteria (Supplementary Figure 4A) and among different growth temperatures (Supplementary Figure 4B). Approximately two-thirds of molecular formulas of SOM in different cultures or growth phases were shared, and no unique part was observed, while they varied greatly with temperature changes. So, we pooled all the SOM at each temperature together and found the molecular formulas that were shared by three growth temperatures accounted for 54.56% (Supplementary Figure 4B), indicating these molecules were insensitive to temperature changes. The temperature-sensitive molecules accounted for 13.71, 9.78, and 3.59% at 15, 18, and 21°C, respectively, consistent with the result that the most identified molecular formulas presented at 15°C.

By further analyzing the O/C, H/C, AImod, and DBE of these unique molecular formulas, we found these molecular formulas tended to have higher H/C and lower O/C, AImod, and DBE values at higher temperatures (Figure 6). The averaged O/C values for specific molecules were 0.40, 0.39, and 0.36 at 15, 18, and 21°C, while the averaged H/C values were 1.21, 1.34, and 1.48, respectively. Such a decrease in O-containing compounds and increase in H-containing compounds suggested that the bioavailability of organic matters increased and became more well-used by heterotrophic bacteria with increasing temperature (Ohno et al., 2014; Qiao et al., 2020). Moreover, the lower aromaticity in formulas of specific molecules that was higher at higher temperatures (6.71 at 18°C, 6.37 at 21°C) than lower temperatures (8.30 at 15°C) also supported the bioavailability increased with increasing temperatures (Zheng et al., 2019). It was reported that cell membranes typically incorporate more unsaturated compounds at lower temperature, but more saturated substances at higher temperature (Hilditch, 1949; Jacobson et al., 1959). In this study, we confirmed that elevated temperature resulted in the more saturated SOM (Figure 6D). The averaged DBE value decreased from 0.24 to 0.11 from 15 to 21°C. The low value of DBE represents the more saturated structure of molecules and could be considered as an indicative of the substances with high bioavailability (Koch and Dittmar, 2006). In general, SOM at elevated temperature were H-richer, with a higher aromaticity and relatively saturated (lower DBE value), indicating higher bioavailability.
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FIGURE 6. Box plots of pooled oxygen to carbon ratio [(A), O/C], hydrogen to carbon ratio [(B), H/C], modified aromatic index [(C), AImod] and double bond equivalents [(D), DBE] of unique molecular formulas of the Synechococcus-derived dissolved organic matter (SOM) of Synechococcus sp. PCC7002 cultures without and with heterotrophic bacteria at both exponential and decay phases under temperatures of 15, 18, and 21°C. Bottom and top of the box correspond to 25th and 75th percentiles, and the line in box shows the median. Black squares represent the mean values. Vertical lines outside the box represent 10th and 90th percentiles, and filled diamonds denote the outliers. Different letters represent significant differences (paired t-test, p < 0.05).





CONCLUSION

Heterotrophic bacteria are of great significance to the growth of marine Synechococcus (Zheng et al., 2017); therefore, there have been few studies focused on the SOM that is not modified by bacteria so far. Our study filled this gap and found that the bioavailability of SOM significantly increased with increasing temperatures. Furthermore, through analyzing photochemical properties and molecular compositions, we found the possible reasons for this bioavailability increase of SOM are as follows: (1) the increase of protein-like components; (2) the increase of relatively well-used aliphatic compounds; (3) the increase of hydrogen-containing molecules; and decrease of the unsaturation and aromaticity degrees. In addition, the heterotrophic bacterial processes and intracellular DOM release may decrease the bioavailability, but it did not change the increased trend of the SOM bioavailability with increasing temperatures. Considering the wide distribution of Synechococcus and its abundance increase with increasing temperature (Morán et al., 2010), our results gave a perspective that warming may enhance the bioavailability of certain SOM in global oceans.
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Diatoms, one of the most important phytoplankton groups, fulfill their carbon demand from seawater mainly by obtaining passively diffused carbon dioxide (CO2) and/or actively consuming intracellular energy to acquire bicarbonate (HCO3–). An anthropogenically induced increase in seawater CO2 reduces the HCO3– requirement of diatoms, potentially saving intracellular energy and benefitting their growth. This effect is commonly speculated to be most remarkable in larger diatoms that are subject to a stronger limitation of CO2 supply because of their smaller surface-to-volume ratios. However, we constructed a theoretical model for diatoms and revealed a unimodal relationship between the simulated growth rate response (GRR, the ratio of growth rates under elevated and ambient CO2) and cell size, with the GRR peaking at a cell diameter of ∼7 μm. The simulated GRR of the smallest diatoms was low because the CO2 supply was nearly sufficient at the ambient level, while the decline of GRR from a cell diameter of 7 μm was simulated because the contribution of seawater CO2 to the total carbon demand greatly decreased and diatoms became less sensitive to CO2 increase. A collection of historical data in CO2 enrichment experiments of diatoms also showed a roughly unimodal relationship between maximal GRR and cell size. Our model further revealed that the “optimal” cell size corresponding to peak GRR enlarged with the magnitude of CO2 increase but diminished with elevating cellular carbon demand, leading to projection of the smallest optimal cell size in the equatorial Pacific upwelling zone. Last, we need to emphasize that the size-dependent effects of increasing CO2 on diatoms are multifaceted, while our model only considers the inorganic carbon supply from seawater and optimal allocation of intracellular energy. Our study proposes a competitive advantage of middle-sized diatoms and can be useful in projecting changes in the diatom community in the future acidified high-CO2 ocean.

Keywords: ocean acidification, diatom, CO2-concentrating mechanism, growth rate response, cell size, eco-physiological modeling


INTRODUCTION

Diatoms are one of the most important marine phytoplankton groups. They contribute 40% of primary production (e.g., Nelson et al., 1995; Tréguer and De La Rocha, 2013) and are one of the major contributors to organic carbon export in the global ocean (Buesseler, 1998; Jin et al., 2006). Marine diatoms fix carbon dioxide (CO2) into organic carbon through photosynthesis, which is catalyzed by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in the Calvin cycle. However, RuBisCO has a low affinity for CO2, and its carboxylation is inefficient in fixing CO2 due to photorespiration unless its surrounding CO2 concentration is sufficiently high (Reiskind et al., 1989; Badger et al., 1998; Reinfelder, 2011). Meanwhile, due to the slow diffusion of CO2 in aqueous environments (10,000 times slower than that in air) and sluggish dehydration of bicarbonate (HCO3–) to CO2 (Wolf-Gladrow and Riebesell, 1997; Reinfelder, 2011), the CO2 concentration in contemporary surface oceans (∼10–30 μM) often limits the growth of diatoms (Reinfelder, 2011; Wu et al., 2014). Diatoms therefore use a series of processes termed the CO2-concentrating mechanism (CCM) to achieve high CO2 concentrations near RuBisCO at the cost of metabolic energy that is otherwise available for growth (Giordano et al., 2005; Raven et al., 2008; Hopkinson et al., 2011). As one of the key processes of CCM, many diatoms evolve to consume energy to acquire HCO3–, which is then catalyzed by carbonic anhydrase (CA) and converted to CO2 to maintain a high CO2 concentration near RuBisCO, leading to a high leakage of CO2 into seawater (Burkhardt et al., 2001; Cassar et al., 2002; Reinfelder, 2011). Some diatoms can also actively release extracellular CA (eCA) to catalyze the conversion of HCO3– to CO2 in seawater (Martin and Tortell, 2008; Tortell et al., 2008; Chrachri et al., 2018).

The ocean absorbs approximately 26% of anthropogenic CO2 emissions (Friedlingstein et al., 2019), causing a significant increase in CO2 concentrations and a decrease in pH in seawater, collectively termed ocean acidification (Orr et al., 2005). It influences marine ecosystems with wide-ranging impacts, such as community structure, diversity, and carbon export (Sabine et al., 2004; Doney, 2009; Feng et al., 2009; Finkel et al., 2009; Endo et al., 2013; Mouw et al., 2016; Deppeler et al., 2018; Doney et al., 2020). The increasing CO2 concentration in surface seawater, predicted to double within this century under business-as-usual scenarios (Lerman et al., 2011), will mitigate CO2 limitation on phytoplankton and downregulate CCM to save intracellular energy and potentially enhance cell growth (Taylor et al., 2012; McMinn et al., 2014; Cyronak et al., 2016; Biswas et al., 2017; Gafar et al., 2018). This stimulation has been observed in CO2 enrichment experiments of diatoms when they were cultured under favorable nutrient and light conditions (e.g., Kroeker et al., 2013; Wu et al., 2014).

Diatoms vary greatly in cell size, from a minimal reported dimension < 1 μm to a maximal reported dimension of >5,000 μm in a global marine diatom database (Leblanc et al., 2012a,b). However, large diatoms are usually less abundant in the community, mainly because of their decreasing growth rates with cell size (Mizuno, 1991; Sarthou et al., 2005). For example, in 515 diatom species sampled along the Swedish coast and the Gulf of Finland, those with a cell volume larger than 1,000 μm3, an equivalent spherical diameter equivalent (ESD) of 12 μm, accounted for only approximately half (57%) of the total species (Snoeijs et al., 2002). In this study, we followed that study and define the “large” diatoms by ESD of larger than 12 μm. We further defined the “small” and “middle-sized” diatoms by ESD of < 5 μm and 5–12 μm, respectively.

The relationship between diatom cell size and the degree of their growth rate response (GRR), defined here as the ratio of the growth rates under elevated and ambient CO2 concentrations, remains unclear. If CO2 was the only carbon source for diatoms, their GRR would increase with cell size because larger cells have smaller surface-to-volume ratios and are limited more severely by CO2 supply (Wirtz, 2011). However, HCO3– is the secondary carbon source of diatoms, and its concentration in seawater (∼103 μM) is 2 orders of magnitude higher than that of CO2. It is worth further evaluating how diatoms respond differently to increasing CO2 when they also acquire substantial amounts of HCO3–.

Although the increase in GRR with cell size has been shown in a CO2 enrichment experiment of diatoms (Wu et al., 2014), the interpretation of the results can be complex, such as the high light intensity of 350 μmol photons/m2/s used in that experiment. Indeed, high light can inhibit the photosynthesis of diatoms, which can be exacerbated when cells grow in acidified, high-CO2 environments. For example, the effect of increasing CO2 on the growth of three diatom species shifted from positive to negative when the incubation light increased from 150 to 250 μmol photons/m2/s (Gao et al., 2012). It is therefore possible that the higher GRR seen in larger diatoms in Wu et al. (2014) can be partly a result that larger cells were less susceptible to the inhibition of high light (Key et al., 2010) instead of a sole effect of mitigated CO2 limitation.

In this study, we constructed a theoretical model to simulate the GRR as a function of cell size and magnitude of seawater CO2 increase. The model calculated the CO2 supply rate to diatom cells as a result of physical diffusion and carbonate equilibrium in seawater, represented CO2 leakage from cells, and solved an optimal energy allocation between HCO3– acquisition and biomass synthesis. The model results were compared to historical data from diatom CO2 enrichment experiments. We also evaluated the robustness of our model and further explored the underlying mechanisms by performing a series of model sensitivity experiments. We finally applied our model to the global ocean under a CO2 release scenario (Representative Concentration Pathway RCP 8.5), illuminating possible spatial variations in the cell size–dependent responses of diatom growth.



MATERIALS AND METHODS


Model Overview

We constructed a model of a spherical diatom cell to quantify its acquisition rates of CO2 and/or HCO3– and to solve for the optimal allocation of metabolic energy between HCO3– uptake and biomass synthesis (i.e., growth) over a day (Figure 1). Given cell radius R (μm) and CO2 concentration in bulk water [CO2]bulk (μM), the model simulates a daily growth rate g /day:
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FIGURE 1. Illumination of the model structure. The input variables of the model are diatom cell radius R and bulk-water CO2 concentration. The model estimates the CO2 supply (black arrows) to the cell considering both CO2 diffusion and HCO3– dehydration near the cell surface, energy-consuming HCO3– transport (pink arrows), and CO2 leakage (blue arrow) across cell membranes. The model finally calculates an optimal allocation of metabolic energy between HCO3– acquisition and biomass synthesis, which derives the growth rate as the model output. An arrow with increasing (decreasing) width along the direction represents that the flux increases (decreases) with the cell radius. The dashed arrows are not explicitly simulated by the model. More details of the model are described in the text.


Note that although the model uses the cell radius to simplify calculations, the results are conventionally reported using the cell diameter.

The model first calculates the cell-specific acquisition rate of CO2 under given R and [CO2]bulk. The model then counted the CO2 leakage from the cell. The model reaches a maximal growth rate if the net acquisition of CO2 is sufficient; otherwise, it lowers the growth rate to save metabolic energy for actively acquiring HCO3– as a carbon complement. The lowered growth also reduces the total carbon demand, partly relieving the requirement for HCO3–. Note that we set a minimum HCO3– acquisition at 20% of the total carbon demand even if the CO2 supply is sufficient, reflecting findings that even very small diatoms also take HCO3– (e.g., Burkhardt et al., 2001; Shi et al., 2019). Therefore, there exists a solution for the modeled growth rate at which cellular energy is optimally allocated between HCO3– acquisition and growth.

The parameter values of the model (Supplementary Table 1) were set up based on the literature as described below. Our model only represents fundamental metabolic processes of cell growth and focuses on the responses of diatom growth to increasing CO2, particularly the dynamics of HCO3– acquisition as the secondary inorganic carbon source, while ignoring other complex physiological processes.



Model Scheme of the CO2 Supply

Our model scheme of the CO2 supply rate to the cell (FT, μmol/cell/day) is established by improving those of previous studies (Gavis and Ferguson, 1975; Wolf-Gladrow and Riebesell, 1997; Reinfelder, 2011) in which both CO2 diffusion and CO2 dehydrated from HCO3– near the cell surface are included
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where 3.456 × 10–10 = 4 × 10–15 L ⋅μm–3 × 86,400 s/day, in which the constant of 4 is from the original equation (Gavis and Ferguson, 1975), 10–15 is the factor to convert μm3 to L for consistency with the unit used in CO2 concentrations, and 86,400 is the factor to convert day to second; D (μm2/s) is the diffusivity of CO2 in water k′ (s–1) is a combined rate constant for the hydration of CO2 with H2O and OH–, with its value estimated at 15°C, pH of 8.1 and salinity of 35 PSU (Supplementary Table 1; Wolf-Gladrow and Riebesell, 1997; Reinfelder, 2011), and [CO2]sfc (μM = μmol L–1) is the seawater CO2 concentration near the cell surface. Although [CO2]sfc can be effectively eliminated from the equation by assuming that it was 1/3 of [CO2]bulk, as done in a previous study (Reinfelder, 2011), [CO2]sfc is likely to decline with increasing cell size (Flynn et al., 2012). In this study, we further solve [CO2]sfc by assuming a balance between CO2 supply to the cell surface (FT) and CO2 permeation across the cell membrane (FP, μmol/cell/day):
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where P (μm/s) is the CO2 permeability coefficient of the cell membrane, ΔCO2 = 10% is the relative reduction in CO2 concentration from near the cell surface to the cytoplasm (Hopkinson et al., 2016), that is, ΔCO2[CO2]sfc is the difference in CO2 concentration between the two sides of the cell membrane, and 3.456 × 10–10 = 4 × 10–15 L ⋅μm–3 × 86,400 s/day. From Eqs. 2 and 3, [CO2]sfc can be solved as a function of input variables R and[CO2]bulk:
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where [image: image]. This equation generates a declining [CO2]sfc with increasing cell size, as expected (Supplementary Figure 1). FT can then be obtained by substituting Eq. 2 into either Eq. 3 or Eq. 4.

This scheme introduces a new parameter P, for which the maximal value of 560 μm/s found in experiments of several diatom species (Hopkinson et al., 2011) is used in the model (Supplementary Table 1). The assumption of FT=FP used in the scheme (Eq. 3) implies that CO2 supplied to the cell surface is completely acquired by the cell, and the CO2 supply rate is solved at its maximal potential, which we annotate as FT,max.



Model Scheme of Energy Constraint

The energetic cost of growth is estimated by adding the theoretical requirements of ATP when synthesizing particulate organic carbon (POC) from CO2 [3 mol ATP (mol C) –1] (Raven, 1991) and synthesizing particulate organic nitrogen (PON) from nitrate [2 mol ATP (mol N) –1] (Eichner et al., 2014), which is equivalent to ∼ 0.30 ATP (mol C) –1 by using a Redfieldian molar C:N ratio of 106:16. By further assuming small additional energy of 0.2 mol ATP (mol C) –1 used in other cellular processes, the energy cost rate for growth, eg, is set at 3.5 ATP (mol C) –1 (Supplementary Table 1).

The intracellular energy production rate E0 [ATP/mol C/day] is set at:
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where the maximal daily average growth rate g0 = 3.0/day represents those maximal rates found in previous experiments culturing diatoms under saturating light and nutrients (Sarthou et al., 2005). The instantaneous maximal growth rate (and consequently, E0) is further set to vary in a 12:12 h light–dark cycle in which the rate peaks for 6 h around noon to represent light saturation, while its daily average is kept at g0 (Supplementary Figure 2). This setup can improve the model performance to mimic the diel variation of inorganic carbon demand. For example, a model cell that would have sufficient CO2 supply, should its maximal growth rate be set constant at g0, may become, after implementing the diel cycle, CO2-limiting and have to acquire HCO3– around noon when the instantaneous maximal growth rate is 8/3 times higher than g0 (Supplementary Figure 2).

ATP expenditure by CCM is generally high in diatoms (Raven, 1991), which may be partially satisfied by the Mehler reaction (Behrenfeld et al., 2008). The energy cost for diatoms to transport 1 HCO3– molecule has been estimated at 0.5 ATP to cross the cytoplasmic membrane (Liu et al., 2017) and 1 ATP to cross the chloroplast membrane to reach pyrenoids (Raven et al., 2000). Therefore, we set the energy cost rate for HCO3– acquisition, ebc, at 1.5 ATP (mol C) –1 (Supplementary Table 1).



Model Scheme of Growth Rate

The net inorganic carbon acquisition rate F (μmol/cell/day) is

[image: image]

where Fbc (μmol/cell/day) is the HCO3– acquisition rate, and lk = 30% is the fraction of acquired carbon leaking from the cell based on a previously reported CO2 efflux for diatoms (Burkhardt et al., 2001). Note that the leakage in the model does not count the exudation, which, however, could be small (∼5% of primary production) in exponentially growing phytoplankton (Nagata, 2000). The model sensitivity to lk was also tested (see below).

If both FT and Fbc are determined (discussed below), F can be solved (Eq. 6), and the growth rate is then

[image: image]

where qc is the cell carbon quota (μmol cell–1) estimated by adopting an empirical relationship with the cell volume of diatoms (Menden-Deuer and Lessard, 2000):

[image: image]

FT and Fbc are optimally solved under the constraint of intracellular energy production E0. The intracellular energy requirement is:

[image: image]

in which

[image: image]
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A trial rate of HCO3– acquisition (Fbc) is first set to be the minimal fraction ([image: image]) of total carbon uptake (FT,max + Fbc) so that:

[image: image]

Then, a trial energy requirement E is calculated using Eqs. 10–12 and setting FT = FT,max (see section “Model Scheme of the CO2 Supply”). When E > E0, energy production limits growth and the total carbon supply is more than sufficient. Therefore, the effective FT and Fbc must be smaller than their trial rates while their ratio holds. Therefore, a factor of E0/E is multiplied by FT,max and the trial Fbc to obtain the effective FT and Fbc, which ensures E = E0.

However, a trial rate of E larger than E0 indicates that the inorganic carbon supply is insufficient, additional acquisition of HCO3– is needed, and the effective FT is at its maximal allowed rate FT,max. The effective Fbc is calculated from Eqs. 9–11 by setting E = E0 (Eq. 9) and FT = FT,max (Eq. 10).

Once the effective FT and Fbc are determined in either case, the growth rate g can be calculated from Eqs. 6, 7. Noting that the intracellular energy produced is fully used, the scheme described here solves an optimal allocation of intracellular energy to estimate g at its maximal potential.



Model Simulation

The cell growth rate was simulated at two levels of bulk-water CO2 concentrations of 10 μM (low carbon condition, LC) and 20 μM (high carbon condition, HC) over a diameter range of 2–200 μm. LC was selected at 10 μM to represent the typical condition of subtropical surface ocean waters. GRR is calculated as the ratio of the simulated growth rates under HC and LC. We also calculated two key indicators, the value of the peak GRR over the simulated diameter range and the corresponding cell diameter at the peak GRR (namely, the optimal cell diameter).



Sensitivity Tests

Our model does not represent other factors, such as light and nutrient concentrations, that can limit the diatom growth rate. Instead, the model parameter g0 can be considered to represent collective effects from multiple limiting factors. We then conducted model experiments by setting g0 at 0.1, 0.5, 1.0, and 2.0/day.

We also compared the model sensitivity, in terms of the peak GRR and the optimal cell diameter, to 6 model parameters, including P, lk, ebc, g0, △CO2, and [image: image]. These parameters were tested in a range of ± 50% of their default values. The model was also tested over 12–30 μM of the input variable [CO2]bulk in HC.



Analysis of Historical Data of Diatom CO2 Enrichment Experiments

We collected 85 pairs of growth rate data from published CO2 enrichment experiments culturing diatoms, among which 5 pairs of data were removed due to extremely high culturing CO2 concentrations (Supplementary Table 2). Due to different magnitudes of CO2 enrichment, we linearly adjusted the originally reported GRR (GRRorig) cultured under high ([CO2]H) and low ([CO2]L) CO2 concentrations to GRRadj at a CO2-enrichment factor (fCO2) of 200%:

[image: image]

The cell diameters of the diatoms were either reported in the experiments or estimated using the average diameters of the same species collected in a global diatom database (Leblanc et al., 2012a). Considering the purpose of this study, for nonspherical diatom species, we simply used the length of their shortest dimension as the cell diameter because it was the shortest distance that inorganic carbon was transported to the cell center, admitting that this simplification slightly overestimated the CO2 supply rate.



Global Prediction

We projected the peak GRR and optimal cell size of diatoms to CO2 increase in global surface seawater over the 21st century. We first obtained projected results from the Community Earth System Model (CESM) 1.0-BGC module under the RCP8.5 scenario, including the annual climatology of CO2 partial pressure, pH, temperature, diatom carbon fixation rate, and diatom carbon biomass during the historical (1990–2000) and future (2090–2100) periods1. The CO2 partial pressure, pH, and temperature were used to calculate the CO2 concentration using CO2SYS (Lewis and Wallace, 1998). The diatom growth rates were calculated as the ratio of the diatom carbon fixation rate to the diatom carbon biomass.

The cellular model ran using historical and future CO2 concentrations to estimate monthly peak GRR and optimal cell size at a resolution of 1°× 1° in the global ocean, in which historical diatom growth rates were used to set location specificity g0. Because CESM did not simulate diatom sizes, our results can only be regarded as a demonstration of the spatial variations in the responses of diatoms impacted by the magnitude of CO2 increase and environmental favorability (such as nutrients, temperature, and light), with the latter collectively represented here by the CESM-projected diatom growth rate.

The scientific color map batlow was used in the plot of the global prediction to prevent visual distortion of the data and exclusion of readers with color-vision deficiencies (Crameri et al., 2020).




RESULTS


Model Results

The modeled cell growth rate declines with increasing cell diameter under LC, while the modeled growth under HC remains at a maximal rate of 2.67/day before it starts to decline when its diameter is larger than 7 μm (Figure 2A). As the ratio of the modeled growth rate under HC to that under LC, the GRR increases with cell diameter, reaches a peak value of 1.14 at an optimal cell diameter of 7 μm, and then gradually decreases to 1.02 at the modeled maximal cell diameter (Figure 2B).
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FIGURE 2. Modeled growth rate and growth rate response (GRR). (A) Modeled growth rate under low-CO2 (LC, 10 μM) and high-CO2 (HC, 20 μM) conditions and (B) the corresponding GRR from LC to HC as a function of cell diameter. The magenta dashed line and number in (B) represent the optimal cell diameter at peak GRR.


We then analyze the inorganic carbon (Ci) budget of the model cell in two cell diameter ranges. As expected, the model simulates a decreasing CO2 supply rate with increasing cell diameter (Figure 3). First, for cells with a diameter < 7 μm, CO2 and minimum HCO3– supply under LC are insufficient to meet the requirements of both growth and leakage, causing HCO3– acquisition to increase with cell size (Figure 3A). However, under HC, CO2 and minimum HCO3– supply are sufficient, and cells do not acquire additional HCO3– (Figure 3B). Second, for cells with a diameter > 7 μm, CO2 and minimum HCO3– supply become insufficient even under HC (Figure 3B), and the modeled HCO3– acquisition increases with cell size under both HC and LC (Figure 3).


[image: image]

FIGURE 3. Modeled inorganic carbon (Ci) budget (normalized to cell carbon biomass) across the cytoplasmic membrane. The results shown include those under (A) the low-CO2 (LC, 10 μM) and (B) high-CO2 (HC, 20 μM) conditions in the cell diameter of the full modeled range and zoomed in to 2–10 μm. Ci is acquired in the form of HCO3– (blue area) and CO2 (pink area), and part of the CO2 leaks out of the cell (gray area), resulting in a net Ci uptake used for cell growth (dashed line).


The modeled pattern between GRR and cell size (Figure 2B) is mainly determined by the magnitude of energy savings on HCO3– acquisition from LC to HC (Figure 4). In the cell diameter range < 7 μm, the energy expenditure on HCO3– increases greatly with increasing cell size under LC but is unchanged under HC, resulting in substantial energy savings that increase with cell size (Figure 4). In the cell diameter range > 7 μm, however, the energy used in HCO3– acquisition increases with cell size under both HC and LC, leading to a narrowed difference between the two (Figure 4). This can be explained by the decrease in the relative contribution of CO2 to the total Ci acquisition with increasing cell size (Figure 3): The fraction of HCO3– acquisition that can be substituted by the same magnitude of the elevated CO2 supply decreases in larger diatoms. In other words, larger cells become less sensitive to the CO2 increase.
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FIGURE 4. The relationship between the modeled energy consumption for HCO3– acquisition and the cell diameter. The energy for HCO3– acquisition is shown as the fraction of total cellular metabolic energy under the low-CO2 (LC, 10 μM) (blue) and high-CO2 (HC, 20 μM) (red) conditions, as well as the saved energy in HCO3– acquisition when the condition changed from LC to HC (black). The magenta dashed line and number represent the optimal cell diameter at maximal energy savings from LC and HC.


The model reveals a general pattern in which (1) the smallest diatoms respond weakly to the increase in seawater CO2 because CO2 supply fulfills most of the cell demand even without that increase, (2) the response intensifies with a moderate enlargement in cell size, while (3) large cells are insensitive to the CO2 increase because CO2 supply is a small contribution to total Ci acquisition. There exists an optimal, intermediate cell size in which the modeled cell growth rate is enhanced the most by the same magnitude of CO2 increase. Our model shows that the optimal cell size corresponds to a point where the model cell under HC just starts to use HCO3–.



Sensitivity Tests

The maximal growth rate (g0) has been set at a high level assuming that the modeled diatom grows at optimal conditions. We then conduct the model experiments with lowered g0, representing that the growth of the modeled diatom is limited by other factors. The results show that the modeled diatom starts to benefit from the CO2 increase at larger cell sizes when g0 decreases, so that the optimal cell size also increases (Figure 5A). This result is expected because the modeled diatom needs less inorganic carbon at a lowered g0, and the CO2 supply alone becomes sufficient for larger diatoms. At very low g0 values, such as 0.1/day, the CO2 supply is even sufficient at the maximal cell diameter simulated in our model (200 μm), and diatoms do not respond to the CO2 increase in the whole model domain (Figure 5A). Additionally, g0 does not impact the modeled peak GRR (Figure 5A), the reason for which is discussed below. These results indicate that the optimal cell size of diatoms in response to the CO2 increase tends to be small when the environmental conditions favor their growth but can be larger when other factors are also limiting.
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FIGURE 5. Results of the parameter sensitivity experiment. (A) The modeled relationship between GRR and cell diameter is tested at different levels of the model parameter g0 (maximal growth rate). The modeled peak GRR (B) and the optimal cell diameter (C) were tested against ± 50% of the default values of the parameters. See Supplementary Table 1 for parameter symbols and their default values. The range of HC CO2 concentrations (HC [CO2]bulk) tested in this experiment was 12–30 μM.


We also compared the sensitivity of the modeled peak GRR (Figure 5B) and optimal cell size (Figure 5C) to various model parameters. The CO2 supply rate, mainly determined by the production of the CO2 permeability (P) and CO2 gradient across the cytoplasmic membrane (△CO2) (Eqs. 3, 4), has a positive relationship with the optimal cell size but does not impact the GRR. This can be more clearly understood from a model experiment with a 50% higher P (Supplementary Figure 3A): The cell needs to use additional HCO3– at large cell sizes with increased CO2 supply. Hence, the curves of HCO3– acquisition energy under both HC and LC move toward larger cell sizes without noticeable changes in the magnitude of the energy cost, leading to a moderately elevated optimal cell size but unchanged peak GRR (Figures 5B,C; Supplementary Figure 3A). Similarly, a smaller maximal daily growth rate (g0) also leads to a larger optimal cell size but no effect on peak GRR (Figure 5 and Supplementary Figure 3B) because the lowered carbon demand also allows larger cells to only use CO2. In contrast, reduced CO2 leakage (lk) lowers the requirement of HCO3– acquisition and shrinks the difference in energy cost between HC and LC, causing a decreased GRR and enlarged optimal cell size (Figure 5 and Supplementary Figure 3C).

The elevated energy cost rate of HCO3– acquisition (ebc) substantially increases the peak GRR but has little effect on the optimal cell size (Figures 5B,C) because it mainly determines the energy allocation and not the cell size at which HCO3– acquisition is needed. The high bulk-water CO2 concentration of HC (HC[CO2]bulk) greatly increases both the peak GRR and the optimal cell size (Figures 5B,C), which is expected because the cell under HC benefits more from higher CO2 while starting to use HCO3– at a larger size. The minimum HCO3– uptake proportion ([image: image]) slightly impacts both the peak GRR and the optimal cell size: a higher [image: image] leads to a reduced model sensitivity to the change in CO2 and results in a lower peak GRR and a larger optimal cell size.

Our model sensitivity tests reveal that the peak GRR is largely determined by the magnitude of the seawater CO2 increase and the energy consumption rate in HCO3– acquisition. Meanwhile, the optimal cell diameter increases with increasing CO2 supply (higher membrane permeability to CO2 and larger increase in seawater CO2) but decreases with cellular carbon demand, such as higher growth and leakage rates.




DISCUSSION


Unimodal Relationship Between Growth Rate Response and Cell Size

Our theoretical model reveals a unimodal relationship between the GRR and diatom cell size. Although the increased CO2 concentration and acidified seawater can have multiple physiological effects on diatoms, our model considers the most direct effect: the variations in species and rates of inorganic carbon acquired by diatoms. The absolute rates of growth do not solely determine the competition among phytoplankton because they can also be controlled by other factors, such as zooplankton grazing and viral lysis, which is also suggested by the fact that phytoplankton with different growth rates coexist in the ocean. A phytoplankton species with a stronger enhancement in the growth rate from the CO2 increase, can have a better advantage and reach higher biomass when competing with other phytoplankton, which is also confirmed by a modeling study (Dutkiewicz et al., 2015). Therefore, the unimodal relationship between GRR and diatom cell size shown by our model suggests a competitive advantage for middle-sized diatoms of ∼7 μm in the future high-CO2 ocean.

It is generally true that organisms limited more strongly by a resource should benefit more from its repletion, but only if there are no substitute resources. CO2, for example, is not the only carbon resource for phytoplankton and can be complemented by, although not preferentially, HCO3– when CO2 is insufficient. This is the important reason why our model reveals that middle-sized diatoms can have a competitive advantage over larger diatoms from elevated CO2, even though the latter is limited more strongly by CO2.

We also explored the GRR–cell size relationship using historical data from CO2 manipulation experiments of diatoms. The originally reported GRR in those experiments was first interpolated to the same degree of CO2 enrichment (Supplementary Figure 4 and Supplementary Table 2, see section “Materials and Methods”). The adjusted GRRs varied greatly (0.7–1.4) and did not support the previous speculation that the GRR should increase with cell size (Spearman’s correlation, p = 0.59) (Figure 6). The GRRs also did not directly show the same pattern as that proposed by our model. However, all GRRs higher than 1.2 were only found in cell diameters of 3–7 μm, while the GRRs at other cell diameters were mostly lower than 1.1 (Figure 6). This may indicate that the growth rate of diatoms in this middle cell size range had the greatest potential to respond to increasing seawater CO2. Additionally, the GRRs in the same size range also varied the most (Figure 6), suggesting that the GRR of middle-sized diatoms can be impacted by different factors and mechanisms and/or be species specific. Interestingly, considering the species in the genus Thalassiosira that had the largest cell diameter range (3.9–47 μm) in our dataset, their GRRs decreased with cell diameter (Spearman’s correlation = −0.45, p < 0.05), with GRRs in cell diameter ≤ 7 μm (1.14 ± 0.13, mean ± s.d.; n = 11) significantly higher than those in cells > 7 μm in diameter (1.00 ± 0.06, mean ± s.d.; n = 10) (t-test, p < 0.01). Nevertheless, these historical data showed some consistency with our model, while the GRR can be a synergistic result impacted not only by cell size but also by other physiological and ecological characteristics and culturing conditions. More studies are needed to reveal complex mechanisms controlling the GRR.
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FIGURE 6. Historical data of diatom CO2 enrichment experiments showing the growth rate response (GRR) over cell diameter. The dashed line represents no response (GRR = 1). The inset is magnified to a cell range of 1–20 μm.


Other studies may directly or indirectly support our model. Hancock et al. (2018) cultured a near-shore Antarctic community over a gradient of CO2 levels, showing that the abundance of nanosized diatoms (2–20 μm in diameter) increased with CO2, while larger microplanktonic diatoms (>20 μm in diameter) and smaller discoid centric diatoms of 1–2 μm in diameter had no significant response to CO2. Other studies also showed that middle-sized diatom species (∼8 μm) had an increased contribution to the community under increased CO2 (Hoppe et al., 2013; Eggers et al., 2014).

We also constructed a new scheme of the maximal seawater CO2 supply rate to diatom cells as a function of cell size. Compared to other studies (Milligan et al., 2009; Reinfelder, 2011), the new scheme solves a cell size–dependent CO2 concentration near the cell surface (Supplementary Figure 1). Our scheme introduces a new constant parameter, the CO2 permeability of the cell membrane. Although elevated seawater CO2 can lead to a saturated CO2 supply and reduce the effective CO2 permeability (e.g., Sultemeyer and Rinast, 1996), our scheme is constructed to study the maximal effect of seawater CO2 increase and therefore uses the maximal potential of CO2 permeability, which theoretically is determined by the number of channels such as pores and aquaporins (Matsui et al., 2018; Blanco-Ameijeiras et al., 2020) allowed per unit area of the cell membrane and should be independent of cell size. Limited data on diatom CO2 permeability (Hopkinson et al., 2011) also do not show a clear relationship to cell size. Our model scheme therefore can be more suitable to quantify the relationship between phytoplankton cell size and their maximal potential for CO2 uptake.



Model Experiments of Additional Processes

The growth rates of diatoms are generally inversely related to cell sizes (Cosper, 1982; Sarthou et al., 2005; Marañón, 2015), which could result from a lower CO2 supply rate to larger diatoms, as observed in this study, and/or other size-dependent physiological characteristics of diatoms. This implies that the constant model parameter of maximal growth rate g0 can in reality decline with increasing cell size. We then conducted a model experiment by using an empirical function for diatoms (Sarthou et al., 2005):

[image: image]

where V was the cell volume (μm3). In the results, the unimodal pattern between GRR and cell size remained (Supplementary Figure 5), although the optimal cell size increased to 45 μm, which was expected because of the negative relationship between the optimal cell size and g0 (Figure 5B).

As eCA can be potentially important in particularly large phytoplankton in converting HCO3– to CO2 extracellularly (Martin and Tortell, 2008; Tortell et al., 2008; Chrachri et al., 2018) and therefore saving energy on HCO3– acquisition, we tested its role by increasing the conversion rate of HCO3– to CO2 in the model by an enhancement factor (feCA) of 2–10 (Tortell et al., 2008). As the ratio of the chemical conversion between HCO3– and CO2 to the CO2 diffusivity is [image: image] (Eq. 2) (Reinfelder, 2011), the CO2 supply (FT) was then enhanced to a new rate:

[image: image]

In the model experiments, although the GRR was elevated in the large cells, the unimodal pattern between the GRR and cell size, the optimal cell diameter, and the magnitude of peak GRR were barely changed (Supplementary Figure 6A). We also conducted another model experiment by linearly increasing feCA from 1 (i.e., no enhancement) at the smallest cell diameter (2 μm) to 10 at a cell diameter of 200 μm to mimic a hypothetical scenario of stronger eCA of larger cells, and still obtained a similar pattern between the GRR and cell size, except that the GRR remained at a constant low level when the cell diameter was >100 μm (Supplementary Figure 6B).

The two parameters D and k′ used in the CO2 reaction–diffusion kinetics (Eq. 2) are fixed in our model, while in reality, they change with temperature (Wolf-Gladrow and Riebesell, 1997). A sensitivity test of temperature-dependent D and k′, however, showed no obvious effect on the model results (Supplementary Figure 7).

The above experiments can partly support the robustness of our model results, suggesting that the negative correlation between diatom growth rates and cell size, the extracellular conversion of HCO3– to CO2, and temperature do not change the unimodal relationship between the GRR and the cell size of diatoms.



Global Prediction

Our model sensitivity experiments reveal that the modeled optimal cell size enlarges with stronger seawater CO2 supplies associated with its higher concentration and permeability across the cell membrane, but diminishes with elevating cellular carbon demand determined by higher rates of cell growth potential (Figure 5). Among these factors, the magnitude of future CO2 increase and the maximal growth rate of diatoms can vary substantially in the global ocean. Particularly, as already discussed, our model does not represent the effects of other factors that can limit diatom growth. We then ran our model in the global ocean using the projected levels of these two variables in this century under the RCP8.5 scenario from an Earth system model (see section “Materials and Methods”), in which multiple limiting factors on diatom growth were simulated. The spatial variation in the modeled peak GRR was generally small in the global ocean, with the lowest value in the tropical Pacific upwelling zone (Figure 7A) associated with its smallest magnitude of CO2 increase (Figure 7C). The modeled optimal cell size, however, varied greatly from < 20 μm in tropical oceans to the highest modeled cell diameter (i.e., GRR increases monotonically with cell size) in the subpolar regions (Figure 7B). The modeled optimal cell size was systematically smaller than what was predicted in our theoretical model (Figures 2, 5B) because the CESM-simulated diatom growth rates incorporated other limiting factors and were mostly below 1.0/day (Figure 7D), much lower than those found in laboratories with ideal culturing conditions (Sarthou et al., 2005). The lowest optimal cell size was also in the tropical Pacific upwelling zone (Figure 7B), contributed synergistically by the high growth rates of diatoms and low magnitude of CO2 increase (Figures 7C,D).
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FIGURE 7. Model projections in the global ocean. (A) Modeled peak growth rate response (GRR) and (B) optimal cell size within this century under the CESM-predicted RCP8.5 scenario, including (C) the increase in partial pressure of CO2 and (D) annual average diatom growth rate. White areas in (A,B) represent the locations where the modeled GRR is very weak (<1.01).


Our projection for diatoms in the global ocean should be regarded at most as the first-order estimation. However, some interesting implications emerged from the projection. Diatoms are one of the important contributors to carbon export to the deep ocean (Falkowski et al., 2004), particularly in tropical oceans (Siegel et al., 2014, 2016). The relatively small optimal cell size projected in these regions (Figure 7B) implies that, without considering other effects, the size structure of the diatom community would not shift to larger species in the future high-CO2 ocean, which consequently would not lead to an increase in the sinking speed of organic particles and carbon export.



Model Limitations

Carbonic anhydrase in diatoms can convert CO2 to HCO3– in the cytoplasm and result in much-increased HCO3– transport further into chloroplasts, as found for diatom Phaeodactylum tricornutum (Hopkinson et al., 2011; Hopkinson, 2014). Additionally, a high leakage of CO2 from the chloroplast to the cytoplasm has been suggested (Hopkinson et al., 2011), although it is unclear how much of the leaked CO2 further leaks to the environment or is converted to HCO3– in the cytoplasm and transported back to the chloroplast. The CO2 leakage from the cell to the environment was already counted in the model. However, if there is substantial recycling of the leaked CO2 to HCO3– in the cytoplasm, the rate of HCO3– transfer across the chloroplast membrane can be further elevated. In other words, ebc can possibly be higher for at least some diatoms, leading to higher GRRs (Figure 5A) but small changes in the optimal cell size (Figure 5B).

There are some limitations in our model that can be investigated in future studies. First, our model does not include the negative effects of the lower pH concomitant with elevated CO2, which can be important to some species or functional groups of phytoplankton (e.g., Taylor et al., 2012; McMinn et al., 2014; Cyronak et al., 2016; Hong et al., 2017; Gafar et al., 2018; Luo et al., 2019; Shi et al., 2019). If there is no relationship between the negative effects of lower pH and diatom cell sizes, which, however, is unclear, our modeled pattern between GRR and diatom cell sizes can still hold.

Second, RuBisCO in different diatoms shows greater variation in the Michaelis constant for CO2 (23–68 μM) (Young et al., 2016), indicating diverse patterns of CCM, RuBisCO kinetics, and catalytic features in diatoms. Our model does not separate diatom species but focuses on the general response of diatoms of different sizes to seawater CO2 increases. Nevertheless, the variation of these factors can change model parameters of the cell membrane permeability to CO2 (P) and the energy cost rate in HCO3– uptake (ebc), among which a ± 50% change in the former can vary the optimal cell size in a range of 2–13 μm while that in the latter has no substantial effect (Figure 5C). That is, if the CO2 permeability is substantially lower than that used in our model, the GRR can be highest in the smallest diatoms and then decreases with increasing cell size.

Third, light appears to interact with elevated CO2 in determining the collective effect in cell size–dependent responses of diatoms, such as that we already discussed for the stronger response of larger diatoms to CO2 increase under very high light. Another study also proposed a light-based maximal benefit of CCM in middle-sized phytoplankton: The depletion of light near the center of large cells depresses photosynthesis and reduces the energy available for CCM, making CCM economically less efficient in large cells (Wirtz, 2011). This effect and our proposed mechanism, if valid, can synergistically intensify the competitive advantage of middle-sized diatoms under the CO2 increase.

Last, cultured diatoms also often respond differently to CO2 increases depending on the availability of nutrients such as nitrogen (Li et al., 2012), phosphorus (Sun et al., 2011), and silicon (Tatters et al., 2012), while these nutrients are not simulated in our model. Instead, our model experiments implicitly represent the limitation of these nutrients by applying a lower model parameter g0, showing that middle-sized diatoms are more likely to have better competition from the CO2 increase when these nutrients are not severely limiting (Figures 5, 7). Nevertheless, our model does not simulate the cell size–dependent limitation of nutrients on diatoms. In the future warmer and more stratified oceans, nutrients can become more limiting, and smaller diatoms may gain another competitive advantage because of their lower surface-to-volume ratios. Considering this effect, the increasing trend of GRR from small to middle-sized diatoms can be weakened or even reversed. However, the decreasing trend of GRR from middle-sized to large-sized diatoms may be even stronger.

Overall, despite the limitations of our model, the discussions above suggest that the GRR in the future high-CO2 ocean, in general, likely decreases from middle-sized to large-sized diatoms, except in the regions where the light is substantially high or nutrients are substantially limiting on diatoms. The GRR may also increase from small to middle-sized diatoms unless the cell membrane permeability to CO2 is low or nutrients become severely limiting, particularly on middle-sized diatoms.

In summary, this study constructed a theoretical model and revealed a competitive advantage of middle-sized diatoms of ∼7 μm over both small and large diatoms when seawater CO2 increases. Although the model is mostly based only on the basic principles of the carbonate equilibrium system and inorganic carbon diffusion with constraints on cellular energy allocations, it appears to be a robust pattern, although the exact cell size of which diatoms benefit most from the CO2 increase can change substantially. If the mechanism proposed in this study dominates, the diatom community in the future high-CO2 ocean may not shift toward larger cells, and carbon export by sinking diatoms may not be substantially stimulated, while we admit that other known and unknown factors can also influence the cell size–dependent responses of marine diatoms to the CO2 increase. Our simplified physiological model processes, or even more simply the size-dependent pattern revealed by our model, can be integrated into marine ecosystem models to improve the predictions of the size composition of diatoms, phytoplankton community structure, and productivity for future high-CO2 oceans.
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We exposed Gyrodinium dominans and two strains of Oxyrrhis marina to temperatures well above (25°C) and below (12°C) their maintenance temperature (18°C) to study the mechanisms controlling the overall physiological response to thermal stress. As variables, we measured growth, ingestion, and respiration rates (this latter with and without food). The growth rates of O. marina strains plotted as a function of temperature showed maximum values at the maintenance temperature, as expected in a typical unimodal functional response. However, G. dominans showed similar growth rates at 12 and 18°C, and even a marked decrease in growth rates at 25°C, happened to be not significant. G. dominans ingestion rates were not significantly different at all temperatures (although apparently decreased at 25°C), whereas both O. marina strains showed higher ingestion rates at 18°C. The respiration rates of G. dominans were unaffected by temperature, but those of O. marina strains increased with temperature. The specific dynamic action (respiration increase produced by feeding activity) ranged from 2 to 20% of the daily carbon ingestion for all organisms investigated. The calculated energetic budget indicated that the responses to temperature were diverse, even between in strains of the same species. G. dominans maintained similar growth at all temperatures by balancing metabolic gains and losses. In O. marina strains, on the other hand, the decrease in growth rates at the lowest temperature was driven mainly by reduced ingestion rates. However, increased respiration seemed the primary factor affecting the decrease in growth rates at the highest temperature. These results are discussed in the light of previous studies and on its suitability to understand the response of wild organisms to fluctuations in temperature.
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Introduction

Temperature is a key variable affecting most physiological rates of all organisms (Huey and Kingsolver, 1989; Alcaraz et al., 2014; Sinclair et al., 2016). Thus, climate-driven distribution shifts of microplankton, copepod species, and fish have been related to their different thermal sensitivities (Helaouët and Beaugrand, 2007; Takasuka et al., 2008; Wilson et al., 2015). Usually, the changes in survival and physiological rates of an organism due to temperature are represented by a unimodal function (Huey and Kingsolver, 1989; Schulte et al., 2011; Alcaraz et al., 2014; Sinclair et al., 2016), commonly shaped by a progressive increase up to a peak (optimum temperature) from where the decline is more or less abrupt (Van Der Have, 2002; Angilletta, 2006; Sinclair et al., 2016). This graphical representation of the changes in an organism physiology with temperature is the result of the coupling/uncoupling among the different thermal sensitivities of key ecophysiological activities (e.g., feeding, respiration, assimilation, excretion, molting, growth; Alcaraz et al., 2014; Saiz et al., 2022). Thus, understanding how the uncoupling between physiological rates ultimately translates into growth and survival is crucial in predicting organisms’ responses to temperature (Pörtner, 2002; Pörtner and Farrell, 2008; Alcaraz et al., 2014).

For marine protozoans, while the effects of temperature on vital rates are well studied (Hansen et al., 1997; Montagnes et al., 2003; Rose and Caron, 2007), the subjacent processes behind this response are poorly investigated (Kimmance et al., 2006). Marine protozoans, also referred to as microzooplankton, are key components of the marine pelagic food webs because of their role as the main link between primary producers (daily consuming ca. 75% of the oceans’ overall phytoplankton primary production) and higher trophic levels (Calbet, 2001; Calbet and Saiz, 2005; Schmoker et al., 2013), and because their relevance as remineralizers of inorganic nutrients, supporting regenerated primary production (Ikeda et al., 1982; Alcaraz et al., 1994; Alcaraz et al., 1998). Because of these functions in the marine ecosystem, and considering the threat of global change, it is crucial to gather a deeper understanding of how temperature affects the different physiological rates. Only with a better knowledge of these processes we will be able to conduct accurate predictions about the performance, fate, and role in the ecosystem of the different species that assemble marine microzooplankton. In this respect, it will be under thermal stress where the different process rates, with different Arrhenius breakpoints (Alcaraz et al., 2014), may become uncoupled, resulting in overall detrimental effects on growth rates. We can hypothesize that the mechanisms acting at each side of the equilibrium temperature, at which species are adapted, may be different. Given the exponential nature of the relationship between temperature and respiration activity (Q10 concept; e.g., Caron et al., 1986; López-Urrutia et al., 2006) and the physiological upper bounds for ingestion (Aelion and Chisholm, 1985; Kimmance et al., 2006), we can hypothesize that respiration rates will mostly drive the resulting growth rates at high temperatures. At lower temperatures, on the other hand, both respiration and ingestion rates find zero at their lower bound, and it will be the different Q10 of both rates the ones depicting the overall growth response.

To demonstrate this hypothesis, we designed a series of experiments that simultaneously compared the physiological responses of three marine heterotrophic protozoans (Gyrodinium dominans, and two strains of Oxyrrhis marina originated from different locations) at their maintenance temperature (18°C) with those at 12 and 25°C. We chose these temperatures to be apart enough to theoretically show different physiological responses (Calbet and Saiz, 2022), being within reasonable limits of the temperature fluctuation likely experienced by the species in nature (Estrada et al., 1993; Calbet et al., 2015; Hobday et al., 2016; Oliver et al., 2018).



Methods


The Cultures

As experimental organisms we used one strain of Gyrodinium dominans isolated by H.H. Jakobsen in 1996 from the northern part of Øresund (Denmark; Hansen and Daugbjerg, 2004), one strain of Oxyrrhis marina MED isolated by A. Calbet off Barcelona coast (NW Mediterranean) in 1996, and one strain O. marina CRB (purchased from the SCCAP Denmark; code SCCAP-0592) that originates from the Great Bay Salt Pond in St Maarten (Dutch Caribbean). All were kept in autoclaved 0.2-µm filtered seawater with added trace metals and EDTA (0.003 mL of f/2 metal stock solution per liter of suspension, Guillard1975), at 18°C and 38 salinity, under dim light and fed with Rhodomonas salina. The strains that originated from places with different temperatures and salinity from our laboratory standard conditions (Mediterranean waters) had been gradually adjusted for months. The prey, R. salina strain K-0294 (RHO; range ESD: 6.3-6.5 µm), was obtained from the Scandinavian Culture Collection of Algae and Protozoa at the University of Copenhagen, and it has been growing in our laboratory for years. The prey were kept in f/2 medium (Guillard, 1975), under exponential growth conditions, at 18°C, 38 salinity, 100-200 µE m-2 s-1, and a light:dark cycle of 12h.



The Experimental Setup

We concurrently estimated the protozoan growth, ingestion, and respiration rates from the same incubation bottles incubated at 12, 18, and 25°C, being 18°C the maintenance temperature for all the cultures. Prior to the experiments, the grazers were kept in 2-4 L Pyrex glass bottles fed ad libitum with R. salina at their maintenance temperature (18°C). We calculated the amount of prey offered on the last day of feeding to be mostly depleted after 24h. Then, we gently concentrated the dinoflagellates by gravity filtration through a 3-µm polycarbonate filter to remove the excess of bacteria and detritus, re-suspended them in 0.2-µm filtered seawater, and pre-conditioned them (without food) for 24 hours to the experimental temperature (12, 18 and 25°C). All incubations were conducted in quadruplicate 130 mL Pyrex glass bottles, in darkness, at 16, 18, and 25°C (in temperature-controlled incubator baths), and lasted for 24 hours. Dinoflagellate density in the incubations was ca. 3000-4000 ind mL-1. In the treatments with food, R. salina was added at a concentration of ca. 100000 cells mL-1 to ensure saturated food conditions (Calbet et al., 2013). In parallel, we set suspensions only with the prey at the same concentration as the previous one (grazer + prey) to serve as controls for the growth of the algae. We added 10 mL of f/2 per liter of suspension (i.e., a final nutrient concentration equivalent to f/200) to override microzooplankton excretion effects on the algae. The concentrations and cellular volumes of prey and grazer were estimated with a Multisizer III particle counter. To calculate grazing rates and average prey concentrations, we used Frost’s equations (Frost, 1972), and per capita values were calculated using the average concentration of grazers in each replicate (Heinbokel, 1978). The corresponding volume to carbon (C) equivalence was obtained from Calbet et al. (2013), which provides elemental content/volume for the same strains in similar degree of starvation as in our treatments (Table 5 of Calbet et al., 2013).

Oxygen concentration was monitored using optical oxygen sensors (Oxygen Dipping Probe DP-PSt3, Presens®), at a measuring frequency of 15 min, with a setup similar to the one described in Almeda et al. (2011). The respiration activity of the three dinoflagellates was measured in the presence and in the absence of food. The previously described control bottles with only R. salina were used to account for changes in oxygen concentration due to the presence of prey alone, whereas an additional set of bottles filled with only 0.2 µm filtered seawater served as background control. In the case of both the prey and the grazers incubated alone in filtered seawater, oxygen consumption rates (μmol O2 d-1) were estimated as the slopes of the linear regression equations relating incubation time and dissolved oxygen concentration, after correcting for any changes in dissolved O2 observed in the extra bottles with only filtered seawater. Cell-specific respiration rates (µmol O2 cell-1 d-1) were then calculated by dividing the experimental oxygen consumption rates per bottle by the average cell concentration during the incubation.

In the case of the grazers incubated with prey, the oxygen consumption observed in the bottles resulted from the combined respiration of the grazers (heterotrophic dinoflagellates) and the prey. For this reason, before calculating the actual per capita consumption by the feeding dinoflagellates, we had to subtract the decline in oxygen concentration (incubations were in darkness) due to the presence of R. salina. To do so, we first determined the R. salina growth rates based on the initial and final cell concentrations using an exponential growth model; then, we estimated the average cell concentrations at each oxygen-measurement time interval. Next, we applied the cell-specific R. salina respiration rates from the incubations in filtered seawater to the actual R. salina concentration in the grazing bottles, estimated at each measuring time interval, and computed the expected oxygen concentration decrease in the incubations with feeding grazers due to the presence of R. salina. We then subtracted the oxygen consumption by R. salina from the time series of oxygen concentrations in the incubation bottles with the mixture of predator and prey, and estimated the oxygen respiration rates of the feeding dinoflagellates from the slope of changes in the remaining dissolved oxygen through time. The per capita respiration rate of the dinoflagellates under the presence of food was calculated taking into account the mean number of dinoflagellates incubated assuming exponential growth.

To calculate Q10 coefficients, we first conducted a simple linear regression analysis between the inverse of temperature (1/T, in Kelvin degrees) and the natural logarithm of the carbon-specific physiological rate (i.e., the Arrhenius plot). Then, the activation energy was calculated from the slopes of the linear fit as Ea = –slope x R, where R is the universal gas constant (8.3145 J mol-1 K-1). Finally, Q10 coefficients were calculated from Ea as Q10 = exp(Ea/R x 10/Tm2), where Tm is the mean for the range of temperatures over which the organisms have been exposed (i.e., between 12 and 25°C) (Raven and Geider, 1988).

The oxygen consumption rates were converted into C losses using a respiratory quotient of 0.97 (Omori and Ikeda, 1984). Gross-growth efficiency (GGE) was calculated as in Kiørboe et al. (1985), dividing the growth rates by the ingestion rates in specific C units and expressed as percentage. Assimilation efficiency (AE) was calculated as AE = 100 x (µC+RC)/IC (where µC and IC are the C-specific growth and ingestion rates, respectively, and RC is the respiratory carbon losses also expressed as C specific; Kiørboe et al., 1985). Specific dynamic action (SDA; the increase of respiration rates produced in the presence of food) was calculated as the difference between C-specific respiratory losses between feeding and non-feeding grazers, and expressed as % of C ingested daily.




Results


Growth and Ingestion Rates, and Gross-Growth Efficiency

The growth rates of G. dominans were not significantly different at any of the temperatures tested (ANOVA and Tukey’s test), although the rates dropped to less than half at 25°C (Figure 1A). O. marina MED showed growth rates higher at 18°C, and reduced at 12°C (albeit not significantly different from 18°C, Tukey’s test) and 25°C (p<0.01, Figure 1A). In the case of O. marina CRB, 12°C drastically decreased the growth rates to negative values (mortality); on the other hand, at 18°C the growth rates were reasonably high (more than one doubling per day), while they dropped significantly at 25°C (ANOVA, Tukey’s test, p<0.01; Figure 1A).




Figure 1 | Growth rates (A, d-1), ingestion rates (B, cells ind-1 d-1) and growth gross efficiencies (C, GGE %) of the three protozoans investigated at 12, 18 and 25°C. Statistical differences (p<0.05) within each species are indicated by different letters. The error bars are SE. For GGE, the SE have been calculated using the square root formula for error propagation.



All the strains studied showed a similar pattern of ingestion rates, with peaks at 18°C and lower rates at 12 and 25°C (Figure 1B). However, only O. marina strains showed significant differences in ingestion rates between temperatures (ANOVA, Tukey’s tests, p<0.01). Regarding GGE, there was a tendency to be inversely related to temperature for G. dominans and O. marina MED, but it was not statistically significant due to the high associated error (Figure 1C). There were significant differences for O. marina CRB, between the GGE at 12°C (zero because of the lack of growth at this temperature) and the rest of the values at higher temperatures (ANOVA, Tukey’s tests, p<0.01; Figure 1C).



Respiratory Activity

The respiration rates of G. dominans were not significantly different at the temperatures investigated, neither for starved nor for fed organisms (Figure 2A; Two-way ANOVA, Tukey’s tests). However, respiration rates of this species with food were always significantly higher than those without food (Figure 2A; Two-way ANOVA, p< 0.001). O. marina MED respiration rates were significantly different between starved and fed organisms, and the rates at 12 and 18°C were different from those at 25°C, both in starving and fed treatments (Two-way ANOVA, Tukey’s test, p<0.001; Figure 2B). The respiration rates for starving and fed O. marina CRB were not statistically different (Two-way ANOVA; Figure 2B), and within treatment, the rates were different between 12 and 25°C and between 18 and 25°C (Tukey’s test, p<0.001; Figure 2C).




Figure 2 | Respiration rates (µmol O2 ind-1 d-1) of starved and fed (A) G dominans, (B) O. marina MED, and (C) O. marina CRB at the different temperatures investigated. Statistical differences (p<0.05) within each species are indicated by different letters. The error bars are SE.



The respiratory activity of the grazers under starving conditions rendered 8 to 82% of the C biomass respired daily, the highest for O. marina CRB at 25°C and the lowest for O. marina MED at 12°C (Table 1). The metabolic cost associated with the feeding process (SDA) ranged from 2 to 20% of the C ingested, with the maximum for G. dominans at 25°C, and the minimum for O. marina CRB at the same temperature (Table 1). G. dominans showed an increase of SDA with temperature, whereas in O. marina strains this pattern was not evident. In the case of O. marina CRB, we provide SDA values in Table 1, even if the presence of food during the incubations did not significantly enhance respiratory activity. The Q10 values of the respiration rates between 12 and 25°C for starved and fed organisms are also provided in Table 1. G. dominans was the species showing the lowest Q10 coefficients; O. marina MED showed intermedium values, with Q10 higher for starved organisms than for fed ones (Table 1). Overall, the maximum Q10 found in the study corresponded to O. marina CRB starved, followed by fed organisms.


Table 1 | Basal respiration of starved organisms as % of the cell carbon, specific dynamic action (SDA) as % of the carbon ingested, and Q10 for starved and fed organisms at the three temperatures investigated.





Energetic Budget

The allocation of the C ingested per organism and temperature is presented in Table 2. Approximately half of the C ingested (46-69%, depending on temperature) was assimilated by G. dominans. From the C biomass incorporated per day, roughly 2/3 were respired at 12 and 18°C (85% at 25°C), and 15-36% was converted into somatic growth at all temperatures (Table 2). O. marina MED assimilated nearly all C ingested at the highest and lowest temperatures (approx. 60% at 18°C; Table 2), incorporating an equivalent to about its biomass per day at 18°C and half of it at the highest and lowest temperatures. Only 25-35% of the C assimilated was respired at 12 and 18°C, and 73% at 25°C. The remaining C was allocated to growth (Table 2). Finally, the combination of ingestion rates and assimilation efficiencies of O. marina CRB resulted in daily C incorporations equivalent to, and even slightly more than, its C biomass at 18 and 25°C, but this quantity reduced to 16% of its biomass at 12°C. The low amount of C ingested at 12°C by this protozoan was respired completely, about 1/3 was respired at 18°C, and a about 82% at 25°C. The C used for growth was lower at 25°C compared to 18°C (Table 2).


Table 2 | Metabolic balance of the three protozoans studied at the three selected temperatures.



To stress the relative effects of temperature on the different physiological rates, we show in Figure 3 a graphical summary of the results presented in Figures 1, 2. This figure does not intend to report the effects of temperature on the different rates again, but to provide a snapshot of the magnitude and sign of the effects of low and high temperatures on the different physiological variables measured, compared to those at 18°C. This analysis will be instrumental to understand each variable’s weight in explaining the effects on growth rates due to temperature changes. G. dominans was the species showing the lowest effects of temperature, these being only evident (although not significant) at 25°C. O. marina CRB is the species showing larger variations in the different physiological rates with temperature variations, particularly at 25°C (Figure 3C). In general, ingestion rates are always negatively affected by higher and lower temperatures, compared to the control at 18°C, and respiration only clearly increases at 25°C (Figure 3). Regarding these two last variables, the effect of an increase of temperature on respiration rates is always more acute than that on ingestion rates for O. marina strains (Figures 3B, C); at the lowest temperature, the effect seems to be the opposite (Figures 3B, C). Finally, AEs are often increased when the temperature is higher and lower than 18°C.




Figure 3 | Relative effects of temperature on the metabolic balance. The figure shows the percentage of change respect to 18°C for different metabolic rates at 12 and 25°C. (A) G dominans, (B) O. marina MED, and (C) O. marina CRB. Asterisks indicate significant differences (p<0.05, ANOVA).



With knowledge of the different physiological parameters of all species pooled together, we attempted to find relationships between specific ingestion rates, respiration rates, and growth rates (d-1). We only found significant relationship for specific ingestion rates (ING) and growth rates (GR). The linear regression of this variable with growth rates explained 62% of the variance on growth rates (GR = 0.431 x ING - 0.126).




Discussion


Unveiling the Processes Behind Growth at Different Temperatures

The main objective of this work was to shed light on the different metabolic processes acting under temperature stress in marine protozoans. To do so, we chose some representative species and exposed them to temperatures above and below that of maintenance. Overall, it seems the direct effects of temperature on ingestion rates are the major driver of growth in the species tested, but a closer look at the effects of temperature on both sides of the maintenance temperature gives some clues on the actual mechanisms taking place there.

G. dominans was the species less responsive to temperature changes. This protozoan was able to balance the variations in ingestion rates by modifying the assimilation efficiency (AE) and kept the respiration relatively stable despite the variations of temperature, balancing the metabolic gains and losses to maintain roughly similar growth at all the temperatures. For the O. marina strains, the adverse effects of both higher and lower temperatures were too strong to be dampened by increasing AE. In these strains, the decrease in growth rates at the lowest temperature was driven mainly by reduced ingesta. However, increased respiration was the primary factor affecting growth rates at the highest temperature. Interestingly, the growth of the Caribbean strain of O. marina (CRB) was more impaired by lower temperatures, whereas the Mediterranean one (MED) was more affected by higher temperatures. Also, Calbet et al. (2013) stressed the phenotypic differences between these strains in terms of feeding rates, gross growth efficiency (GGE), and biochemical composition. Our results point towards deeply rooted adaptations at each environment inhabited by the different strains of O. marina that were not modified by the long-term conditioning to our laboratory conditions. It can, then, be concluded that diversity among strains, originating from different habitats, can be as significant as species themselves when responding to temperature changes. Several authors also reached a similar conclusion for other variables and found significant differences in behavior, toxic capacity, and biochemical composition among different strains of dinoflagellates (Loret et al., 2002; Adolf et al., 2008; Calbet et al., 2011).

One variable that we did not consider relevant when placing our hypotheses was AE. We had previous knowledge that AE depended on ingestion rates; higher ingestions tended to lower the AE and the other way around (Kiørboe et al., 1985; Straile, 1997; Schmoker et al., 2011). We did not expect this variable to depend on temperature (Rogerson, 1981; Caron et al., 1986). We should keep in mind, however, that if AE is not directly measured but calculated based on ingestion, respiration, and growth rates, and these rates are dependent on temperature, a relationship between AE and temperature could theoretically arise. This was not our case, likely because of the opposite effects of ingestion and respiration on growth.

Specific Dynamic Action (SDA) was another important variable of our study for which we did not find a relationship with temperature, except for G. dominans. It was surprising that this energetic expenditure was not related to feeding because, theoretically, it results from feeding activity (Kiørboe et al., 1985). However, given the large number of physiological processes involved in the SDA energetic budget: feeding, digestion, absorption, biomass formation, etc. (Krebs and Allison, 1964; Bayne and Scullard, 1977; Tandler and Beamish, 1979), all of them with its particular response to temperature, it may well be any relationship between SDA and ingestion rates being masked by the effects of temperature. Actually, Kiørboe et al. (1985) suggested for marine copepods that SDA is largely related to biosynthesis and transport, and that other processes, such as feeding, gut activity, amino acid oxidation, and excretion are of minor importance. SDA, therefore, represents the ‘cost of growth’ rather than the ‘cost of feeding’.



Previous Studies and a Caution Note on the Use of Biomass for Calculations

To our knowledge, there is no previous report including the many physiological rates for several protozoan species at various temperatures shown here. However, there are references to particular data to compare with ours. For instance, Calbet et al. (2013) reported comparable growth, grazing, and respiration rates at 18°C for the same species studied here. Likewise, they found similar AEs and GGEs. On the other hand, on a latter study with the same species adapted to 16, 19, and 22°C, Calbet and Saiz (2022) found slightly higher growth and ingestion rates. Schmoker et al. (2011) calculated the metabolic balance of G. dominans at 17°C under different food conditions. The growth, ingestion, and respiration rates found in that study were somehow higher than ours, but their estimated GGEs and AEs are within the range found here. Kimmance et al. (2006) exposed O. marina to different concentrations of prey (Isochrysis galbana) and temperatures. For well-fed organisms, they observed a bell-shaped response for specific growth rates, although with maximum around 25°C; this maximum shifted towards lower temperatures when food was not so abundant. Overall, their reported specific growth and ingestion rates were slightly higher than ours. Finally, the Q10 values we report for respiration are within the average for marine protozoa (Verity, 1985; Caron et al., 1986). We did not find literature on SDA of protozoans, but our data fit well within the limits found for ectotherms (Kiørboe et al., 1985; Secor, 2009).

When comparing our results with previous reports, we should consider the distinct methodologies, strains, and previous history of the organisms used in the different experiments, which may introduce variability and explain some of the differences between studies. Therefore, perfect matches are not expected. Another source of variability between studies is found in the biomass assessment. For such purpose, it is common to use previously published volume-to-C relationships (e.g., Menden-Deuer and Lessard, 2000) or even simply take the average C contents per organism from other studies. As stated in the methods section, our calculations on metabolic budgets are based on volumetric conversion factors obtained for the same strains in our laboratory (Calbet et al., 2013). The selection of the conversion factors will undoubtedly affect the final data. Therefore, it is always advisable to conduct specific elemental content analyses for each particular experiment. We must be aware, however, of another important aspect seldom considered that relates to the C-conversion factors. Protozoans that show a certain degree of body plasticity tend to increase their volume when feeding (Calbet et al., 2013). This augmentation of the cellular volume could be misinterpreted as growth, but in fact it is produced by an accumulation of undigested prey in the cell vacuoles and not by an actual increase in the biomass of the grazer. For growth calculations, then, it is important to avoid using the volume of fed organisms, and rely only on cell abundance. If conversion to biomass is required, our advice is to use the biomass of the protozoans that have had time to empty the cell vacuoles (Calbet et al., 2013; Calbet and Saiz, 2022).



Concluding Remarks: Are Our Results of Any Ecological or Predictive Use?

We have shown how the response of the different physiological rates to temperature is species- and strain-dependent. Despite so, some overall conclusions can be reached. It seems temperature-mediated effects on ingestion rates are relatively well translated into growth in marine protozooplankton. In this regard, ingestion rates seem to be driving the growth rates at lower-than-equilibrium temperatures. However, respiration rates appeared largely uncoupled at higher temperatures and are likely an important factor responsible for the observed decrease in growth rates.

Notwithstanding the effect we observed of high temperatures on the performance of protozooplankton, it is important to stress that our intention was not to address the effects of climate change on physiological rates of this group of organisms. For such purpose, long-term adaptations and narrower ranges of temperatures are advised (Calbet and Saiz, 2022). We limited our study to a narrow range of temperatures that the organisms could naturally experience. Oscillations of 5-6°C below and above a given temperature can be found in nature. For one side, in temperate and tropical seas, the differences between upper and lower layers of the thermocline can encompass (and surpass) such thermal gradient (Estrada et al., 1993; Calbet et al., 2015); vertical water masses displacements, eddies, and even vertical migration in some species may produce, then, these thermal exposures in short periods. Moreover, temperature rises of 1-5°C and durations of at least five consecutive days are expected during heatwave episodes (Hobday et al., 2016; Oliver et al., 2018). In the Mediterranean Sea, the increases are exceptionally high, 2-4°C, and are expected to increase in amplitude along with the water temperature rise due to climate change (Oliver et al., 2019). Therefore, even if not our original intention, the data presented in this study may help answering particular questions about the future effects of climate change on marine planktonic ecosystems.
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Planktonic ciliates are an important component of microzooplankton, but there is limited understanding of their responses to changing environmental conditions in the Pacific Arctic Region. We investigated the variations of ciliate community structure and their relationships with environmental features in the Pacific Arctic Region in the summer of 2016 and 2019. The Pacific water was warmer and more saline in 2019 than in 2016. The abundance and biomass of total ciliate and aloricate ciliate were significantly higher in 2019 than those in 2016, while those of tintinnid were significantly lower. The dominant aloricate ciliate changed from large size-fraction (> 30 μm) in 2016 to small size-fraction (10–20 μm) in 2019. More tintinnid species belonging to cosmopolitan genera were found in 2019 than in 2016, and the distribution of tintinnid species (Codonellopsis frigida, Ptychocylis obtusa, and Salpingella sp.1) in 2019 expanded by 5.9, 5.2, and 8.8 degrees further north of where they occurred in 2016. The environmental variables that best-matched tintinnid distributions were temperature and salinity, while the best match for aloricate ciliate distributions was temperature. Therefore, the temperature might play a key role in ciliate distribution. These results provide basic data on the response of the planktonic ciliate community to hydrographic variations and implicate the potential response of microzooplankton to Pacification as rapid warming progresses in the Pacific Arctic Region.

Keywords: planktonic ciliate, community structure, hydrographic variations, pacification, microzooplankton, Pacific Arctic Region


INTRODUCTION

The Pacific Arctic Region, extending from the northern Bering Sea into the Chukchi Sea and adjacent Arctic seas, is recognized as one of the region most sensitive to global climate changes (Grebmeier and Maslowski, 2014). In recent decades, rapid changes have been found in the Arctic, such as sea ice retreat (Stroeve et al., 2012), near-surface air temperature increase (Screen and Simmonds, 2010), and increasing Pacific Inflow Water (Pacific water transport from the Bering Sea to the Arctic Ocean, including Alaskan Coastal Water, Bering Shelf Water, and Anadyr Water) (Woodgate, 2018; Lalande et al., 2021; Woodgate and Peralta-Ferriz, 2021). Pacific currents flow from the Bering Sea and transport plankton to the Arctic Ocean through the Bering Strait (Springer et al., 1996; Steele et al., 2004). A long-term increase in the annual mean transport of Pacific Inflow Water into the Arctic has been recorded in year-round, in situ Bering Strait mooring data, and this increase may bring more fresh water and heat fluxes into the Arctic Ocean (Woodgate and Peralta-Ferriz, 2021). As a major source of oceanic nutrients (Torres-Valdés et al., 2013), the Bering Strait through flow may also exert a profound effect on ecosystems in the Chukchi Sea, the western Arctic Ocean, and even in outflows in the Canadian Arctic Archipelago (Woodgate, 2018; Woodgate and Peralta-Ferriz, 2021).

The increasing Pacific Inflow Water has changed local hydrographic features in the Arctic Ocean and transported more Pacific-origin species into the Arctic: a process called Pacification (Woodgate, 2018; Polyakov et al., 2020). Studies on the Pacific Arctic Region Pacification have mainly focused on mesozooplankton and phytoplankton communities (Ershova et al., 2015; Wassmann et al., 2015; Hunt et al., 2016; Wang et al., 2018; Xu et al., 2018; Lewis et al., 2020; Wang Y. et al., 2020; Mueter et al., 2021; Zhuang et al., 2021). By analyzing mesozooplankton data from 1946 to 2012, Ershova et al. (2015) found that the distribution of Pacific copepods (Eucalanus bungii, Metridia pacifica, and Neocalanus spp.) in 2012 extend about 5 further north than in 1946. Wang Y. et al. (2020) found that Pacific-origin phytoplankton species can be transported into the Chukchi Sea. These results indicated that the pelagic ecosystem in the Pacific Arctic Region is experiencing rapid Pacification. Despite their important contribution to microzooplankton, there have not been any studies about the pacification of ciliate communities.

Taxonomically, planktonic ciliates belong to phylum Ciliophora, class Spirotrichea, subclass Oligotrichia, and Choreotrichia (Lynn, 2008), and morphologically consist of aloricate ciliate and tintinnid. Planktonic ciliates (belonging to microzooplankton) are primary consumers of pico- (0.2–2 μm) and nano- (2–20 μm) sized plankton and are important food items of metazoans and fish larvae (Stoecker et al., 1987; Dolan et al., 1999; Gómez, 2007). They play an important role in material circulation and energy flow from the microbial food web into the classical food chain (Azam et al., 1983; Pierce and Turner, 1992; Calbet and Saiz, 2005). Furthermore, ciliates have been widely used as a useful bioindicator of different water masses owing to their simple, short life cycle and sensitive response to environmental changes (Kato and Taniguchi, 1993; Kim et al., 2012; Jiang et al., 2013; Wang et al., 2021a, 2022a).

As for planktonic ciliates, Taniguchi (1984) found that aloricate ciliates and tintinnids were dominant taxa in the Bering Sea and Bering Strait, but their abundance showed increasing and decreasing trends from the Bering Sea to Bering Strait, respectively. Subsequent studies found a similar phenomenon and further realized that the Bering Sea, Bering Strait, and Arctic Ocean had their endemic species (Dolan et al., 2014, 2016; Wang et al., 2019). During the summer of 2020, Pacific species (Salpingella sp.1) had intruded into the Canada Basin with a higher abundance than Arctic endemic species (Wang et al., 2022a). These previous studies mainly researched ciliate (especially tintinnid) vertical distribution patterns and northward transported trends at a specific time. However, there are still no studies about planktonic ciliates community variations correlated with hydrographic features (temperature, salinity, and Chlorophyll-a concentrations) in different years.

As an important trophic link between mesozooplankton and phytoplankton, we hypothesize that the planktonic ciliate community in the Pacific Arctic Ocean is also experiencing rapid Pacification progress under environmental variations induced by global warming. By comparing environmental factors and planktonic ciliate community structure (e.g., abundance proportion of tintinnid to total ciliate, aloricate ciliate size-fraction, tintinnid richness, and latitudinal distribution variations) of 2016 and 2019 in this region, we aim to determine how variations in environmental factors affect ciliate communities. Our results will help monitor changes in the Pacific Arctic Ocean pelagic ecosystem in response to global warming.



MATERIALS AND METHODS


Study Area and Sample Collection

Sampling was conducted during two cruises performed from July 18 to September 10, 2016 (Transect A), during the 7th Chinese National Arctic Research Expedition aboard R.V. “Xuelong,” and from August 24 to September 2, 2019 (Transects B), during the 10th Chinese National Arctic Research Expedition aboard R.V. “Xiangyanghong 01” from the Bering Sea to the Arctic Ocean (Figure 1). Water samples were collected at 45 stations (St.) along two transects (Tr.): Tr. A (Sts. 1–20) and B (Sts. 1–26) (Figure 1 and Supplementary Table 1). Stations A1 to A5, A19, A20, B1 to B6, and B24 to B26 were located over depths exceeding 200 m (Supplementary Table 1). We treated A1 to A5, B1 to B6 as the Bering Sea stations, A19, A20, B24 to B26 as the Arctic Ocean stations, and A6 to A18 and B7 to B23 as the Bering Strait stations (depths shallower than 200 m).
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FIGURE 1. Transects and survey stations from the Bering Sea to the Arctic Ocean in summer of 2016 and 2019. Arrows showed currents following Aksenov et al. (2016), Hunt et al. (2016), Zhong et al. (2019), and Andreev et al. (2020); AW, Anadyr Water; BSW, Bering Shelf Water; ACW, Alaskan Coastal Water.


Vertical profiles of temperature and salinity were obtained at each station from the surface (3 m) to the bottom (or 200 m, where the bottom is deeper than 200 m) using an SBE911-conductivity-temperature-depth (CTD) unit. Water samples were taken from three to eight depths (from surface to bottom or 200 m depth with stations deeper than 200 m) at each station using 12 L Niskin bottles attached to a rosette wheel of the CTD (sampling points). A total of 251 water samples (1 L) were collected for planktonic ciliate community structure analysis. Samples were fixed with acid Lugol’s (1% final concentration) and stored in darkness at 4°C during the cruise. All the stations were free of sea ice. Chlorophyll a (Chl a) concentration was determined by filtering 500 mL of seawater through a Whatman GF/F glass fiber filter. Plankton retained on the filter was extracted in 90% (vv–1) acetone. Fluorescence was measured according to the Joint Global Ocean Flux Study (JGOFS) protocol (Knap et al., 1996) using a Turner Trilogy fluorometer Model 10.



Sample Analysis and Species Identification

In the laboratory, water samples were concentrated to ∼200 mL by siphoning off the supernatant after settling the sample for 60 h. This settling and siphoning process was repeated until a final concentrated volume of 50 mL was achieved, which was then settled in two Utermöhl counting chambers (25 mL per chamber) (Utermöhl, 1958) for at least 24 h. Planktonic ciliates were counted using an Olympus IX 73 inverted microscope (100 × or 400 ×) according to the process of Lund et al. (1958) and Utermöhl (1958).

For each species, the size (length, width, and according to shape) of the cell (aloricate ciliate) or lorica (tintinnid, especially length and oral diameter) were measured for at least 20 individuals if possible. Aloricate ciliates were categorized into size-fractions in increments of 10 μm for maximum body length for each individual following Lessard and Murrell (1996), Taylor et al. (2011), and Wang C. F. et al. (2020). The size-fractions were further clustered into small (10–20 μm), medium (20–30 μm), and large (>30 μm) (Sohrin et al., 2010). Tintinnid taxa were identified to the species level according to the size and shape of loricae following Taniguchi (1976), Davis (1977, 1981), Zhang et al. (2012), Dolan et al. (2014, 2017), Li et al. (2016), and Wang et al. (2019, 2022a,b). Because mechanical and chemical disturbance during collection and fixation can detach the tintinnid protoplasm from the loricae (Paranjape and Gold, 1982; Alder, 1999), we included empty tintinnid loricae in cell counts.



Data Processing

Ciliate volumes were estimated using appropriate geometric shapes (cone, ball, and cylinder). Tintinnid carbon biomass was estimated using the equation:
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Where C (μg C L–1) was the carbon and Vi (μm3) was the lorica volume. We used a conversion factor of carbon biomass for aloricate ciliates of 0.19 pg/μm3 (Putt and Stoecker, 1989). Calculation of ciliate depth-integrated abundance and biomass in water column following Yu et al. (2014). Biogeographically, the classification of tintinnid genera (Neritic, species largely restricted to nearshore waters; Boreal, species restricted to Arctic and Subarctic waters; Cosmopolitan, species distributed widely in the world ocean) was based on Pierce and Turner (1993) and Dolan and Pierce (2013). The threshold for Pacific Inflow Water was 4°C as Yamashita et al. (2019) in our results. Data of total surface heat flux (SHF = net solar radiation + net longwave radiation + sensible heat flux + latent heat flux) were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF).1

Horizontal and vertical distribution of environment and ciliate data are presented by ODV (Ocean Data View, Version 5.0, Reiner Schlitzer, Alfred Wegener Institute, Bremerhaven, Germany), Surfer (Version 13.0, Golden Software Inc., Golden, CO., United States), OriginPro 2021 (Version 9.6, OriginLab Corp., United States), and Grapher (Version 12.0, Golden Software Inc., Golden, CO., United States). RELATE analysis was conducted based on Spearman’s correlation between square root-transformed abundance data and log-transformed abiotic parameters (normalized the abiotic parameters, including temperature, salinity, and Chlorophyll-a) to explore whether the environment had an effect on organisms, which is a function in PRIMER (Version 6.0, Plymouth Routes in Multivariate Ecological Research). Biota-Environment (BIOENV) analysis was performed based on Spearman’s correlation between log-transformed abiotic parameters and square root-transformed abundance data using PRIMER. The significance for grouping in the environment and ciliate community (aloricate ciliate and tintinnid) was tested by PERMANOVA analysis in PERMANOVA + of PRIMER 6 (Anderson et al., 2008; Jiang et al., 2016). SIMPER (Clarke and Warwick, 1994) analysis was conducted with a criterion of tintinnid dominant species/aloricate ciliate three size-fractions by cutting off for low contributions: 90.00% in 2016 and 2019 using PRIMER.




RESULTS


Hydrographic Feature Variations

Hydrographic features (temperature, salinity, and Chlorophyll a (Chl a) concentrations) showed significant variations during cruises in the summers of 2016 and 2019 (PERMANOVA pseudo-F = 2.9832, P = 0.043) (Figure 2 and Supplementary Figure 1 and Table 1). Horizontally, temperature continually decreased northward in 2016. While in 2019, the temperature first decreased to St. B13, increased to St. B17, and eventually decreased to the Arctic Ocean (Figure 2). The average temperature in surface layers of 2019 (10.85 ± 0.31°C, 8.22 ± 2.43°C, and 0.48 ± 0.43°C) were 0.40°, 1.73°, and 1.82°C higher than that in 2016 (10.45 ± 0.41°, 6.49 ± 3.67°, and −1.34 ± 0.01°C) in the Bering Sea, Bering Strait, and the Arctic Ocean, respectively (Supplementary Figure 1). Vertically, temperature first decreased, then increased to 200 m layers in the Bering Sea in both 2019 and 2016, while the average temperature from 50 to 200 m layers in 2019 was higher than that in 2016. In the Bering Strait, the temperature decreased from surface to bottom in both 2019 and 2016. In the Arctic Ocean, temperature showed almost no change from surface to 200 m depth in 2016. However, temperature first decreased from surface to 50 m layers, then increased to 200 m layers in 2019 (Figure 2 and Supplementary Figure 1).
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FIGURE 2. Temperature, salinity, and Chlorophyll a (Chl a) profiles from surface to bottom (or 200 m). Black dots, sampling points; red dotted line, boundary between the Bering Sea and Bering Strait; blue dotted line, boundary between the Bering Strait and Arctic Ocean (AO).



TABLE 1. Results of PERMANOVA based on Euclidean distance matrices derived from log-transformed environmental data between 2016 and 2019.
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Horizontally, salinity continually decreased northward in both 2016 and 2019, while the average salinity in surface layers of 2019 (32.88 ± 0.11, 31.54 ± 1.24, and 28.25 ± 0.28) were 0.06, 1.08, 0.76 higher than that in 2016 (32.82 ± 0.13, 30.46 ± 2.03, and 27.49 ± 0.70) in the Bering Sea, Bering Strait, and the Arctic Ocean, respectively (Figure 2 and Supplementary Figure 1). Vertically, salinity increased from the surface to 200 m layers or bottom in the Bering Sea, Bering Strait, and Arctic Ocean (Figure 2). Except for 200, 100, and 50 m layers, the average salinity value in other layers in 2019 was higher than that in 2016 (Supplementary Figure 1).

Chl a showed similar distribution characteristics in both 2016 and 2019, but there were still several differences (Figure 2 and Supplementary Figure 1). Horizontally, Chl a increased from the Bering Sea to Bering Strait, then decreased northward in both 2016 and 2019, while the average Chl a in surface layers of 2019 (0.96 ± 1.49 μg L–1, 2.43 ± 4.36 μg L–1, and 0.40 ± 0.01 μg L–1) were higher than that in 2016 (0.78 ± 0.60 μg L–1, 1.28 ± 1.51 μg L–1, and 0.04 ± 0.01 μg L–1) in the Bering Sea, Bering Strait, and the Arctic Ocean, respectively (Figure 2 and Supplementary Figure 1). For vertical distribution, Chl a decreased from surface to 200 m or bottom generally in the Bering Sea and Bering Strait in both 2016 and 2019. While in the Arctic Ocean, deep Chl a maximum (DCM) layers in 2019 (40 m) were shallower than that in 2016 (50 m) and the average Chl a in DCM of 2019 (0.14 ± 0.12 μg L–1) was lower than that in 2016 (0.93 ± 0.74 μg L–1) (Figure 2 and Supplementary Figure 1).

The total surface heat flux in the Pacific Arctic Region showed that the ocean gained heat from air both in August and September, but the heat from the atmosphere to the ocean in 2019 was lower than that in 2016 in most stations of our study area (Supplementary Figure 2).



Variations in Planktonic Ciliate Abundance and Biomass in 2016 and 2019

Ciliate abundance and biomass generally decreased northward (from the Bering Sea to the Arctic Ocean) in both 2016 and 2019, with some significant differences (Figure 3 and Supplementary Figure 3). PERMANOVA tests indicated significant differences between 2 years of aloricate ciliate (pseudo-F = 17.272, P = 0.001) and tintinnid (pseudo-F = 9.2666, P = 0.001) abundance data (Table 2). In the Bering Sea, ciliate high abundance (total ciliate and aloricate ciliate: ≥ 500 ind. L–1, tintinnids: 200 ind. L–1) and biomass (total ciliate and aloricate ciliate: ≥ 2 μg C L–1, tintinnids: 0.5 μg C L–1) mainly occurred in upper 100 m in 2019, while these values mainly appeared in upper 50 m in 2016 (Figure 3). Although vertical distribution patterns of ciliate abundance and biomass were the same in both 2016 and 2019, the highest average total abundance (2025.67 ± 1628.80 ind. L–1) and biomass (9.66 ± 4.80 μg C L–1) at 20 m in 2019 were 1.21 and 1.79 folds higher than that in 2016 (1679.20 ± 1034.85 ind. L–1; 5.39 ± 3.87 μg C L–1) (Supplementary Figure 3). The proportion of tintinnid abundance and biomass to total ciliate in 2019 (18.68 ± 3.29%, 12.75 ± 2.46%) was much lower than that in 2016 (41.79 ± 8.96%, 46.15 ± 10.33%) (Supplementary Figure 3).
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FIGURE 3. Vertical distribution of total ciliate, aloricate ciliate, and tintinnid abundance (A–C) and biomass (D–F) from surface to bottom (or 200 m). Black dots, sampling depths; red dotted line, boundary between the Bering Sea and Bering Strait; blue dotted line, boundary between the Bering Strait and Arctic Ocean (AO).



TABLE 2. Results of PERMANOVA based on Bray Curtis similarity matrices derived from Square root-transformed abundance data of aloricate ciliates and tintinnids between 2016 and 2019.
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In the Bering Strait, ciliate abundance and biomass decreased from surface to bottom in both 2016 and 2019, while the highest average total abundance (2224.92 ± 1131.25 ind. L–1) and biomass (11.02 ± 8.56 μg C L–1) at 5 m in 2019 were 2.11 and 4.11 folds higher than that in 2016 (1053.29 ± 692.03 ind. L–1; 2.68 ± 2.08 μg C L–1) (Figure 3 and Supplementary Figure 3). The proportion of tintinnid abundance and biomass to total ciliate in 2019 (10.53 ± 4.40%, 9.03 ± 4.13%) was lower than that in 2016 (14.88 ± 5.42%, 17.69 ± 4.88%) (Supplementary Figure 3).

In the Arctic Ocean, ciliate abundance and biomass increased from surface to DCM layers, then decreased to 200 m, but the highest average total abundance (876.67 ± 277.29 ind. L–1) and biomass (3.71 ± 1.15 μg C L–1) in DCM layers of 2019 were 1.73 and 2.81 folds higher than in 2016 (507.50 ± 177.48 ind. L–1; 1.32 ± 0.63 μg C L–1) (Figure 3 and Supplementary Figure 3). Tintinnid had low abundance and biomass in both 2019 and 2016, while the proportion of tintinnid abundance and biomass to total ciliate in 2019 (0.38 ± 0.25%, 0.31 ± 0.30%) were lower than that in 2016 (3.18 ± 3.02%, 6.93 ± 6.20%) (Supplementary Figure 3).

Latitudinally, ciliate integrated abundance and biomass increased from the Bering Sea to Bering Strait, then decreased to the Arctic Ocean in both 2016 and 2019. However, those values in the Bering Sea (0.86 ± 0.25 × 106 ind. m–2, 3.09 ± 0.93 mg C m–2), Bering Strait (1.24 ± 0.54 × 106 ind. m–2, 6.20 ± 3.81 mg C m–2), and Arctic Ocean (0.29 ± 0.06 × 106 ind. m–2, 0.99 ± 0.15 mg C m–2) in 2019 were higher than that in 2016 (Bering Sea 0.59 ± 0.16 × 106 ind. m–2, 1.86 ± 0.87 mg C m–2; Bering Strait 0.82 ± 0.34 × 106 ind. m–2, 2.14 ± 1.39 mg C m–2; Arctic Ocean 0.20 ± 0.06 × 106 ind. m–2, 0.46 ± 0.13 mg C m–2), respectively (Supplementary Figure 4 and Supplementary Table 1).



Aloricate Ciliate Size-Fraction Abundance and Abundance Proportion Variations

Aloricate ciliates were the main contributors to the observed increase in ciliate abundance in the summer of 2019, compared with 2016 (Figure 4 and Supplementary Figure 3). The average abundance and abundance proportion of aloricate ciliate small (10–20 μm) size-fraction in the upper 50 m layers of the Bering Sea, Bering Strait, and the Arctic Ocean in 2019 were higher than that in 2016. The average abundance of large (> 30 μm) size-fraction in the upper 50 m layers of three seas in 2019 was higher than that in 2016, but the average abundance proportion was lower in the Bering Sea and Arctic Ocean (Figure 4). For integrated abundance of small, medium (20–30 μm), and large size-fraction groups, an increase occurred in the Bering Sea, Bering Strait, and the Arctic Ocean in 2019 compared with 2016, respectively. In 2016, the most abundant group was the large size-fraction in the Bering Sea (50.77 ± 3.31%), Bering Strait (36.88 ± 10.80%), and Arctic Ocean (39.19 ± 5.05%). While in 2019, the small size-fraction was the most abundant (Bering Sea 39.94 ± 3.71%, Bering Strait 38.87 ± 8.82%, and Arctic Ocean 39.70 ± 11.12%) (Supplementary Figure 5).
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FIGURE 4. Average abundance and abundance proportion of each aloricate ciliate size-fraction at each layers in the Bering Sea, Bering Strait, and Arctic Ocean.




Tintinnid Composition and Latitudinal Distribution Variations in 2016 and 2019

A total of 49 tintinnid species belonging to 15 genera were identified (Supplementary Figure 6 and Supplementary Table 2). Tintinnid species richness in 2019 (45 species) was higher than that in 2016 (35 species). All tintinnid species were classified into abundant and rare species according to their maximum abundance (Amax) and occurrence frequency (OF). We defined abundant species as those with Amax ≥ 100 ind. L–1 and OF ≥ 40% (Table 1). Other species were defined as rare species (Supplementary Table 2).

Geographical distribution trends of the average integrated abundance of tintinnid were different in 2016 and 2019. In 2016, this value gradually decreased from the Bering Sea to the Arctic Ocean, while in 2019, the average integrated abundance in the Bering Sea was similar to that in the Bering Strait, then decreased sharply to the Arctic Ocean (Figure 5 and Supplementary Table 3). Oceanic genera (cosmopolitan and boreal) were distributed in all three seas. Neritic genera (neritic) mainly occurred in the Bering Strait (Figure 5).
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FIGURE 5. Latitudinal variation of cosmopolitan, neritic, and boreal tintinnid (average) integrated abundance and its percentage. AIA, average integrated abundance.


The distribution trend of average integrated abundance and the relative proportion of each biogeographical category were similar in both 2016 and 2019, while there were still some differences (Figure 5 and Supplementary Table 3). In the Bering Sea and the Arctic Ocean, an average integrated abundance of cosmopolitan and boreal genera in 2019 was lower than in 2016, respectively. But in the Bering Strait, cosmopolitan and boreal genera were 2.03 and 1.15 folds higher than in 2016, respectively. The average integrated abundance of neritic genera in 2019 was also higher than in 2016 (Supplementary Table 3). As for average integrated abundance proportions in the Bering Sea, Bering Strait, and the Arctic Ocean, cosmopolitan genera in 2019 were 20.72, 6.45, and 8.30% higher than in 2016, respectively. However, boreal genera in 2019 were lower than in 2016, respectively (Supplementary Table 3).

The latitudinal distribution of abundant oceanic tintinnids was different from the Bering Sea to the Arctic Ocean between 2 years (Figure 6 and Supplementary Figure 7). Codonellopsis frigida, Ptychocylis obtusa, genus Parafavella, Salpingella sp.1, and Acanthostomella norvegica were abundant in the Bering Sea in 2016 or 2019. Among them, the distribution of C. frigida, P. obtusa, and Salpingella sp.1 in 2019 have expanded north to 68.2°N, 69.5°N, and 69.5°N, respectively, which were 5.9, 5.2, and 8.8 degrees further north of where they occurred in 2016. While genus Parafavella distributed southward in 2019 (66.9°N) compared to 2016 (70.3°N). P. acuta was an abundant oceanic tintinnid in the Bering Strait, and its distribution in 2019 was wider than in 2016. In the Arctic Ocean, the distribution range of oceanic tintinnid P. urnula was narrower in 2019 than in 2016 (Figure 6 and Supplementary Figure 7).
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FIGURE 6. Latitudinal distribution variation of dominant oceanic tintinnid integrated abundance.




Relationship Between Ciliates and Environmental Factors

Correlations between ciliates (aloricate ciliates and tintinnids) and environmental variables (temperature, salinity, and Chl a) were different. The routine RELATE test showed that there were significant correlations between changes in environmental variables and tintinnids (Rho = 0.318, P = 0.001), while the impact of the environment on aloricate ciliates (Rho = 0.126, P = 0.001) was smaller. In addition, the multivariate biota-environment (BIOENV) analysis was conducted to select the combination of environmental factors (temperature, salinity, and Chl a) that have the greatest impact on the ciliate community structure. The analysis showed that the best match with tintinnids was a combination of temperature and salinity (Rho = 0.430, P = 0.01), while aloricate ciliates were most impacted by temperature alone (Rho = 0.163, P = 0.01) (Table 3).


TABLE 3. Summary of results from BIOENV (biota-environment) analysis showing the best matches of combinations of environmental variables with variations in aloricate ciliate and tintinnid abundance.
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For the three aloricate ciliate size-fractions (10–20 μm, 20–30 μm, and > 30 μm) in the Bering Sea, Bering Strait, and the Arctic Ocean, SIMPER analysis revealed that the small size-fraction was more dominant in 2019 (contrib% = 38.37) than that in 2016 (contrib% = 33.52) (Table 4). As for oceanic abundant tintinnid in the Bering Sea (genus Parafavella, C. frigida, P. obtusa, and A. norvegica) and Bering Strait (P. acuta), SIMPER analysis indicated that the composition of Bering Sea dominant tintinnid species changed significantly between 2016 and 2019. In 2016, genus Parafavella (Contrib% = 32.71) dominated, then followed by A. norvegica (Contrib% = 27.72), C. frigida (Contrib% = 15.54), and P. obtusa (Contrib% = 10.05). While in 2019, C. frigida (Contrib% = 34.63) became the most dominant species and the contribution rate of the genus Parafavella was the lowest (<9.68%) (Table 4). No abundant oceanic species were detected in the Arctic Ocean in either 2016 or 2019.


TABLE 4. Results from SIMPER analysis based on Bray Curtis similarity showing community composition of aloricate ciliate and tintinnid whose cumulative contribution rate was higher than 90% in 2016 and 2019, respectively.
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Temperature-Salinity-Plankton Diagrams for Abundant Tintinnid Species

Temperature-salinity-plankton diagrams showed that seven abundant tintinnid species had different temperature and salinity ranges (Figure 7). In the Bering Sea, high abundance (≥ 100 ind. L–1) of C. frigida, P. obtusa, and A. norvegica mainly occurred in relatively higher temperatures (2.0–11.8°C) but narrower salinity range (32.7–33.3) in both 2016 and 2019. In contrast, the genus Parafavella had a narrower salinity range and Salpingella sp.1 had a wider temperature range in 2019 than in 2016, respectively. In the Bering Strait and the Arctic Ocean, P. acuta had a wider temperature range and P. urnula had a narrower salinity range in 2019 than in 2016, respectively (Figure 7).
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FIGURE 7. Temperature-salinity-plankton diagrams for abundant oceanic tintinnids in 2016 and 2019.





DISCUSSION

The Pacific Inflow Water (PIW) brings heat and fresh water to the Arctic Ocean in summer, resulting in sea ice melt and renewal of the nutrients, and supporting Arctic ecosystems (Grebmeier et al., 2006; Woodgate and Peralta-Ferriz, 2021). In recent years, significant warming in the annual mean temperatures of the PIW has been observed (Woodgate and Peralta-Ferriz, 2021). The atmosphere has significant effects on the heat budget of upper waters in the Pacific Arctic Region. After calculating the total surface heat flux in the Pacific Arctic Region, we found that the heat from the atmosphere to the ocean in 2019 was lower than that in 2016 (Supplementary Figure 2). Therefore, we conclude that the higher sea temperature in 2019 was due to warm advection from PIW, bringing heat to the Arctic Ocean.

Planktonic ciliates, as an important component of microzooplankton, have been extensively investigated for their important ecological roles in the Pacific Arctic Region (e.g., Jiang et al., 2015; Dolan et al., 2016, 2021; Li et al., 2016; Xu et al., 2018a,b; Wang et al., 2019, 2022b; Wang C. F. et al., 2020). However, studies related to ciliate Pacification are still scant. After comparing hydrographic features at similar locations and sampling times in 2016 and 2019, we found warmer Pacific Inflow Water in 2019 (Supplementary Figure 1), and propose potential identification of ciliate Pacification characteristics.


Rapid Pacification Progress of Ciliates in the Pacific Arctic Region

The abundance proportion of tintinnids to total ciliates has been described in tropical, subtropical, and polar seas (Sherr et al., 1997; Yang et al., 2004; Gómez, 2007; Sohrin et al., 2010; Wang et al., 2019, 2021b; Wang C. F. et al., 2020). In the tropical West Pacific, North Pacific, and the Arctic Ocean, average abundance proportions of tintinnids to total ciliates tend to be about 0–10% (Sohrin et al., 2010; Wang et al., 2019, 2021b; Wang C. F. et al., 2020), 10–20% (Gómez, 2007; Sohrin et al., 2010; Wang et al., 2021a), and <2% (Sherr et al., 1997; Wang C. F. et al., 2020), respectively. The highest value was shown to occur in the Bering Sea, where it reaches ∼50% (Taniguchi, 1984). Our results showed that this value in 2019 (18.68 ± 3.29%) was much lower than in 2016 (41.79 ± 8.96%), indicating that warmer and more saline Bering Sea waters result in a similar abundance proportion of tintinnids to total ciliates to that found in the North Pacific (Sohrin et al., 2010; Wang et al., 2021a). The warm Alaska Stream was the main current and transported plankton from the North Pacific to the Bering Sea (Andreev et al., 2020). Therefore, we speculated that the abundance proportion of tintinnids to total ciliates in the Bering Sea will be closer to that in the North Pacific (beginning of the Pacification).

Abundance proportions of different aloricate ciliate size-fractions have rarely been reported in the Pacific Arctic Region. In the tropical West Pacific and North Pacific (Yang et al., 2004; Wang et al., 2021a,b), average abundance proportions of small aloricate ciliate (10–20 μm) to total ciliates ranged from 38 to 50% and this size-fraction was the dominant group at each depth in most stations. While in the Bering Sea, dominance shifted to the large (>30 μm) size-fraction group (Wang C. F. et al., 2020). Although our results showed that the average abundance of the large size-fraction group increased in 2019 compared to 2016 (Figure 4), the average integrated abundance and the proportion of dominant groups changed to small size-fraction (Supplementary Figure 4). A similar phenomenon was previously observed in the North Pacific (Yang et al., 2004; Wang et al., 2021a). With rapid Pacification progress, aloricate ciliate small size-fraction might be more abundant in the Pacific Arctic Region in the future.

The latitudinal diversity gradient in tintinnids appears to be closely related to temperature over a wide variety of time scales (Yasuhara et al., 2012; Dolan et al., 2016), suggesting that temperature has a preponderant role in determining species richness. These studies also showed a decrease in tintinnid richness from the tropical to polar seas (Dolan et al., 2016; Wang C. F. et al., 2020). In our study, tintinnid richness in warmer waters was higher in 2019 than in 2016. This phenomenon was consistent with Yasuhara et al. (2012), Dolan et al. (2016), and Wang C. F. et al. (2020). In addition, new tintinnid species belonging to the cosmopolitan genera which we detected in the Bering Sea in 2019 also appeared in the North Pacific (Li et al., 2021; Wang et al., 2021a). Therefore, we speculate that those new species originating from the North Pacific might be transported by the Alaska Stream (Springer et al., 1996; Andreev et al., 2020).

There have been numerous studies on tintinnid horizontal and vertical distribution (Taniguchi, 1984; Dolan et al., 2016; Li et al., 2016; Xu et al., 2018a,b; Wang et al., 2019), but there is limited information on tintinnid northward transportation. As for the Bering Sea species, Salpingella sp.1, C. frigida, and P. obtusa were reported to successively disappear with a northward progression and did not pass the Bering Strait (Taniguchi, 1984; Li et al., 2016; Wang et al., 2019). However, in our results, those species extended further north to south side of the Chukchi Sea in 2019. The Bering Strait species (P. acuta) also extended further north, and the Arctic species (P. urnula) distribution range was narrower in 2019 than in 2016. We conclude that stronger Pacific Inflows in 2019 further alter the hydrographic feature of the Chukchi Sea and Arctic Ocean (Woodgate and Peralta-Ferriz, 2021), which will eventually become suitable for the Bering Sea and Bering Strait species to live in, simultaneously reducing the living space of Arctic native species.



Possible Response of Ciliate to Ongoing Global Warming

In the Pacific Arctic Region, the PIW carries more warm water into the Arctic Ocean in recent years. From 1990 to 2019, Woodgate and Peralta-Ferriz (2021) reported increasing northward flow (0.010 ± 0.006 Sv/yr) and annual mean temperatures (0.05 ± 0.02°C/yr), with faster change (∼0.1°C/yr) in warming (June/July) and cooling (October/November) months, which were 2°–4°C above climatology. The maximum temperature of the Pacific Water Layer increased by ∼0.5°C between 2009 and 2013 in the Canada Basin (Timmermans et al., 2014), with a doubling in integrated heat content from 1987 to 2017 (Timmermans et al., 2018). From 2001 to 2014, heat transport associated with Bering Strait inflow increased by 60%, from around 10 TW in 2001 to 16 TW in 2014 (due to increase in both volume flux and temperature) (Woodgate, 2018), which further alter the hydrographical environment of the Arctic Ocean.

Previous studies have shown that macrozooplankton abundance and biomass increase significantly in warmer waters in recent years compared to historical studies (Ershova et al., 2015; Xu et al., 2018; Kim et al., 2022). During each August from 2016 to 2020, macrozooplankton abundance was highest in the Bering Strait with higher water temperature (Kim et al., 2022). As important food items of macrozooplankton, we speculate that higher ciliate abundance and biomass in warmer waters of 2019 might be the main reason for higher macrozooplankton abundance.

In the Pacific Arctic Region, Pacific-origin tintinnids were transported from the Bering Sea to the Arctic Ocean mainly in waters > 4°C (Li et al., 2016; Wang et al., 2019, 2022b). For this reason, they probably could not survive in cold Arctic waters (<0°C). This phenomenon does not apply completely to all tintinnids. For example, Salpingella sp.1 was first recorded in the northwest Pacific and mainly lived in water temperature > 2°C in 2014 (Li et al., 2016) and our results. In 2020, this species was transported into the warmer Pacific Summer Water (compared to 2016, Wang et al., 2019) with a temperature range from −0.3° to 0.9°C in the Canada Basin of the Arctic Ocean (Wang et al., 2022a). Although our present study did not find PIW sink into the subsurface layers of the Canada Basin, we speculate that, given sustained intrusion trends of warmer waters, more Pacific-origin tintinnids will be found in the future Arctic Ocean. Comparable studies in the Atlantic Gateway are needed to discover whether Atlantic-origin species are being similarly transported into the High Arctic.

The size-fraction for aloricate ciliate or lorica oral diameter (LOD) for tintinnid is related to its preferred food item size, for example, the preferred food item for a tintinnid is about 25% of the LOD (Dolan, 2010). Our results showed a clear increase in abundance and biomass of aloricate ciliate of small size-fraction in warmer Pacific Inflows. This phenomenon revealed that the preferred food item size for aloricate ciliate is getting smaller, and this was consistent with the decreasing trend of phytoplankton size classes (Li et al., 2009; Zhuang et al., 2021). We hypothesize that, as rapid Arctic Pacification progresses, more aloricate ciliate small size-fraction and Pacific-origin tintinnids (belonging to cosmopolitan genera) may be transported into the Arctic Ocean by increasing warm Pacific Inflow Water in the future. Our results only present a “snapshot” phenomenon about ciliate Pacification in 2016 and 2019. Further investigations in the Arctic Ocean are needed to test our hypothesis.




CONCLUSION

The present study reported planktonic ciliate community structure variations, relationship with environmental factors in similar locations, and sampling time in the Pacific Arctic Region in 2016 and 2019. In 2019, both temperature and salinity were higher than in 2016, which increased both total ciliate and aloricate ciliate abundance and biomass and a decrease for tintinnids. More aloricate ciliate small size-fraction and Pacific-origin tintinnids (belonging to cosmopolitan genera) occurred in warmer and more saline waters of the Pacific Arctic Region in 2019, and community structure characteristics were more similar to the North Pacific, which suggested the rapid Pacification of Arctic microzooplankton. Multivariate correlation analysis between ciliate communities and environmental variables revealed that temperature has a preponderant role in determining both aloricate ciliate and tintinnid composition.
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The rise of dissolution of anthropogenic CO2 into the ocean alters marine carbonate chemistry and then results in ocean acidification (OA). It has been observed that OA induced different effects on different microalgae. In this study, we explored the physiological and biochemical changes in Nannochloropsis oceanica in response to increased atmospheric carbon dioxide and tested the effect of ocean acidification (OA) on the food web through animal feeding experiments at a laboratory scale. We found that the levels of C, N, C/N, Fv/Fm, and photosynthetic carbon fixation rate of algae cells were increased under high carbon dioxide concentration. Under short-term acidification, soluble carbohydrate, protein, and proportion of unsaturated fatty acids in cells were significantly increased. Under long-term acidification, the proportion of polyunsaturated fatty acids (PUFAs) (~33.83%) increased compared with that in control (~30.89%), but total protein decreased significantly compared with the control. Transcriptome and metabonomics analysis showed that the differential expression of genes in some metabolic pathways was not significant in short-term acidification, but most genes in the Calvin cycle were significantly downregulated. Under long-term acidification, the Calvin cycle, fatty acid biosynthesis, TAG synthesis, and nitrogen assimilation pathways were significantly downregulated, but the fatty acid β-oxidation pathway was significantly upregulated. Metabolome results showed that under long-term acidification, the levels of some amino acids increased significantly, while carbohydrates decreased, and the proportion of PUFAs increased. The rotifer Brachionus plicatilis grew slowly when fed on N. oceanica grown under short and long-term acidification conditions, and fatty acid profile analysis indicated that eicosapentaenoic acid (EPA) levels increased significantly under long-term acidification in both N. oceanica (~9.48%) and its consumer B. Plicatilis (~27.67%). It can be seen that N. oceanica formed a specific adaptation mechanism to OA by regulating carbon and nitrogen metabolism, and at the same time caused changes of cellular metabolic components. Although PUFAs were increased, they still had adverse effects on downstream consumers.




Keywords: Nannochloropsis oceanica, elevated pCO2, long-term acidification, metabolomics, transcriptomics, Brachionus plicatilis



1 Introduction

Anthropogenic emissions of carbon dioxide (CO2) have steadily increased the global partial pressure of CO2 (pCO2) from 280 ppm in pre-industrial times to around 400 ppm at present, with the level predicted to reach 1,000 ppm by 2100 (IPCC, 2013). The accelerated rise of CO2 concentration in the atmosphere also accelerates the absorption of CO2 by the ocean, which leads to a decrease of the pH value in seawater and the formation of ocean acidification (OA) (Caldeira and Wickett, 2003; Hopkins et al., 2020). The pH of the surface ocean has dropped by ~0.1 since pre-industrial times and will drop by ~0.4 by the end of this century (Gattuso et al., 2015), which may directly or indirectly affect marine life (Hurd et al., 2018). Marine microalgae are a key link in the marine ecosystem because they are responsible for more than 50% of global primary carbon production (Field et al., 1998; Falkowski, 2012). During OA, changes in the carbon chemistry of the water trigger regulatory changes at the physiological, biochemical, and molecular levels, as well as in the evolution, of microalgae (Jin et al., 2013; Li et al., 2014; Jin et al., 2015). The effects of OA on microalgae may be diverse: positive, negative, and even neutral (Gao and Campbell, 2014). For example, elevated pCO2 reflects the light-dependent downregulation of carbon-concentrating mechanisms in Phaeodactylum tricornutum, thus energy saved from carbon-concentrating downregulation is used to enhance the growth of diatoms (Li et al., 2014). P. tricornutum grown for about 80 generations at 1,000 ppm CO2 had an increased growth rate compared with that growth at 390 ppm (Li et al., 2014). At elevated CO2 concentrations, the growth and photosynthesis of Skeletonema costatum, Chaetoceros debilis, and Fragilariopsis kerguelensis are inhibited (Chen and Gao, 2004a; Chen and Gao 2004b; Trimborn et al., 2017). Long-term conditioning to elevated pCO2 influences the fatty and amino acid compositions of the diatom Cylindrotheca fusiformis (Bermúdez et al., 2015). Previous studies have shown that increased CO2 concentration could significantly promote the utilization efficiency of inorganic carbon in Nannochloropsis cells and may increase the eicosapentaenoic acid (EPA) levels in algae cells (Hu and Gao, 2003). The biomass and lipid content of Nannochloropsis oculate increase as CO2 concentration increases (Chiu et al., 2009; Razzak et al., 2015). Our previous studies have also shown that elevated pCO2 could increase the growth and photosynthetic efficiency of microalgae and change the contents of total protein and soluble carbohydrates, as well as the compositions of fatty acid and amino acids (Liang et al., 2020a; Liang et al., 2020b; Liang et al., 2020c).

Studies have shown that most of the genes involved in glycolysis, the TCA cycle, and oxidative phosphorylation in polar chlorophyte Coccomyxa subellipsoidea C169 were significantly upregulated under elevated pCO2 concentrations. In addition, the significant downregulation of fatty acid degradation genes and the upregulation of fatty acid synthesis genes may be one of the causes of fat accumulation (Peng et al., 2016). The physiological responses of the psychrophilic sea ice diatom Nitzschia lecointei to long-term adaptation (194 d, ~60 asexual generations) in high pCO2 levels were different in growth rate and total fatty acid content from the short-term physiological responses to increased pCO2 (Torstensson et al., 2015).

Because some metabolites such as essential fatty acids (FAs) play an important role in growth, development, and in the reproductive success in heterotrophs (Müler-Navarra et al., 2004; Glencross, 2009). However, they cannot be synthesized de novo by heterotrophic organisms and have to be acquired through the diet. Rossoll et al. (2012) showed that elevated pCO2 affected the FA composition of the diatom that constrained the growth performance of copepods as consumers. In addition, OA-induced effects on metabolic of primary producers may influence the nutrient transfer efficiency (Cripps et al., 2016). However, the consequences of OA in food web interactions remain poorly understood, because OA-induced effects on the food quality of primary producers is different among different phytoplankton species and natural fluctuations in pCO2 (Jin et al., 2020).

N. oceanica is a unicellular alga of the class Eustigmatophyceae found in the marine environment. Based on its rapid growth, oil productivities and high contents of proteins, N. oceanica is widely used as a feed and dietary supplement for aquaculture. Previous studies on the acidification of N. oceanica only focused on the accumulation of lipid (Chiu et al., 2009; Razzak et al., 2015; Ma et al., 2016), but ignored the physiological and biochemical responses of N. oceanica to the increased dissolved inorganic carbon, as well as the changes in the main metabolic pathways under acidification conditions, and the impacts on consumers. In this study, the physiological and biochemical response of N. oceanica to a short-term (7 days) acidification and its adaptive evolution to long-term (1,460 days) acidification were studied on a laboratory scale, and the impact of the changes on the food chain during the process of OA was analyzed. Our study will provide more evidence on the effect of OA on the microalga N. oceanica and associated food webs.



2 Materials and Methods


2.1 N. Oceanica Strains and Culture Conditions

The N. oceanica IMET1 strain was maintained at the Yellow Sea Fisheries Research Institute, Microalgae Culture Centre, Chinese Academy of Fishery Sciences. N. oceanica was semi-continuously cultured at ambient (400 ppm CO2, pHNBS 8.16, LC) and the near-future elevated pCO2 concentration predicted for the end of this century (1,000 ppm CO2, pHNBS 7.86, HC) gradients for 1,460 days (about 1,368 generations) in f/2 medium (Guillard & Ryther, 1962), respectively. We used the indoor air as a control, which might be slightly higher than a CO2 concentration of 400 ppm. The cultures were diluted with fresh sterilized f/2 medium every 6 days to maintain a cell concentration below 1.0 × 106 cells mL−1 and to maintain a steady carbonate system. Chemical carbonate system parameters were measured by 848 Titrino plus automatic titrator (Metrohm, Riverview, FL, USA) and calculated using the CO2 SYS Package in the MS Excel based on pH, temperature, CO2 concentration, salinity, and total alkalinity (Table 1) (Pierrot et al., 2006). The preservation conditions were cultured in 100 mL conical flasks containing 75 mL f/2 medium in a CO2 plant growth chamber (GXZ, Ruihua, Wuhan, China), in which the CO2 concentration was continuously monitored and maintained at 400 ± 20 ppm or 1000 ± 40 ppm, at 100 μmol photons·m−2·s−1, in 20 ± 0.1°C and a 12 h light/12 h dark photoperiod cycle.


Table 1 | Parameters of the seawater carbonate system under CK, ST and LT treatments.





2.2 Experimental Treatments

In this assay, the algal cells grown at 400 ppm and 1,000 ppm were cultured to logarithmic phase and the initial optical density (OD, 680 nm) (Das et al., 2011) of two algal solutions were diluted to 0.02 by using an ultraviolet spectrophotometer (UV-2000, UNICO, Suzhou, China). For the control (CK), algal cells were cultured in 400 ppm CO2 with bubbling of LC; for short-term acidification (ST), algal cells were cultured at 400 ppm CO2 and transferred to 1,000 ppm CO2 for continuous bubbling of HC; for long-term acidification (LT), algal cells in 1,000 ppm CO2 were inoculated and cultured with bubbling of HC. The initial cell concentrations of the three treatments were (2.15 ± 0.02) × 105 cells mL−1 (CK), (2.12 ± 0.05) × 105 cells mL−1 (ST), and (2.24 ± 0.10) × 105 cells mL−1 (LT). The conditions of aeration were processed according to the method described by (Zhang et al., 2021). Algal cells were harvested by centrifugation (5804R, Eppendorf, Hamburg, Germany) at 6,000× g for 5 min at specific times and washed twice with distilled water to remove the effects of impurities and salts (Rocha et al., 2003). For each of the three cultures for each treatment three sample replicates were taken, with the culture conditions the same as before.



2.3 Measurement of Cell Growth and Carbon Biofixation Rate

Algal cell density was measured by using a combination of spectrophotometry and hemocytometry every other day. For each of the three cultures for each treatment three sample replicates were taken. Each sample was diluted to an OD680 value between 0.1 to 1.0 if the OD of the algal solution was greater than 1.0. For the measurement of cell dry weight (g L−1), each 50 mL sample was centrifuged at 6,000 × g for 5 min to remove the supernatant and then washed twice with distilled water to remove excess salts. Then it was transferred to a dried and weighed tin foil square box, dried in the oven at 60°C for 24 h, and the change in cell dry weight was determined.

We measured the OD680 value, cell concentration, and dry weight of every sample according to the methods described by Tang et al. (2011) and Das et al. (2011). Linear regression was used to obtain the relationship between cell dry weight and OD (Figure S1), and the relationship between cell concentration and OD (Figure S2).

Specific growth rate μ (d−1) was calculated as follows:

 

where Cf and Co were the final and initial cell concentrations (cells mL−1), respectively, and Δt was the cultivation time in days (Liang et al., 2020c).Biomass productivity P (g L−1 d−1) was calculated from the following equation:

 

where X1 and X0 were the biomass concentration (g L−1) on days t1 and t0, respectively (Morais and Costa, 2007).

The carbon dioxide biofixation rate RCO2 (g L−1 d−1) was calculated using the following equation:

 

where CC was the carbon content of microalgal cells (%, w/w), MCO2 was the relative molecular mass of carbon dioxide, MC was the relative molecular mass of carbon, and P was the biomass productivity (g L−1 d−1) (Morais and Costa, 2007; Tang et al., 2011).



2.4 Measurement of Chlorophyll Fluorescence

The maximum quantum yield of photosystem (PS) II (Fv/Fm) was measured by Maxi-Imaging-PAM (Walz, Effeltrich, Germany). The algal solutions and parameter settings before measurement of chlorophyll fluorescence referred to Zhang et al. (2021). The maximum quantum yield (Fv/Fm) was calculated from the following equation:



where Fv was the variable fluorescence calculated from Fv = Fm - Fo, Fm was the maximum fluorescence yield produced by a saturated light pulse in the chlorophyll fluorescence induction curve, and Fo was the minimal fluorescence of microalgae after dark adaptation (Genty et al., 1989).



2.5 Determination of Carbon and Nitrogen Content

To draw a calibration curve, 40, 50, 60, 70, and 80 mg glutamic acid were weighed in a stainless-steel crucible, and the total carbon and total nitrogen of the samples were measured by using an element analyzer (Vario Max CN, Elementar, Langenselbold, Germany). Subsequently, a suitable amount of algal powder (50.0~50.1 mg) was weighed in a stainless-steel crucible and the total carbon and total nitrogen of the sample were determined by the element analyzer. The carrier gas pressure was He: 0.38 MPa, O2: 0.25 MPa. The temperatures of the combustion tube, secondary combustion tube, and reduction tube were 900°C, 900°C, and 830°C, respectively.



2.6 Determination of Total Soluble Carbohydrate and Protein Content

The total soluble carbohydrate was determined from 0.1 g dry algal powder in distilled water at 95~100°C for 10 min using anthrone colorimetry (Liu et al., 1973). Total soluble protein content was measured by the bicinchoninic acid assay (BCA) using 0.1 g dry algal powder (Smith et al., 1985). The above biochemical compositions were determined by assay kits (Jiancheng, Nanjing, China).



2.7 Determination of Fatty Acid Composition

Methanol containing 2% H2SO4 (5 mL) was added in 10 mL flasks containing approximately 5~10 mg dry algal powder and incubated for 1 h at 70°C. Then 2 mL of hexane and 0.75 mL of distilled water were added after the flasks cooled to room temperature and mixed for 30 s on a vortex mixer. Extraction of fatty acid methyl esters (FAMEs) referred to a previous study by Liu et al. (2015). FAMEs analyses were carried out by using an Agilent 7890 gas chromatography (GC) instrument equipped with a flame-ionization detector and a DB-23 capillary column (Agilent Technologies, Santa Clara, CA, USA, 30 m × 0.32 mm × 0.25 μm). The injector temperature was 270°C with a split ratio of 10:1. The temperature-rise program was as described previously (Meng et al., 2015).



2.8 Determination of Algal Cell Surface pH

The pH of the algal cell surface was determined by using an algal solution in logarithmic phase. The treatment of the algal solution, fluorophore loading, and fluorescence ratio-pH calibration curve were based on a study described previously (Golda-VanEeckhoutte et al., 2018). Algal cells were harvested during the mid-logarithmic phase and concentrated by centrifugation at 12,000 g for 3 min, washed twice with PBS buffer solution, and resuspended in sterile PBS buffer. The washed algal cells were loaded with fluorophore by adding 3 μL of 1 mM 5-(and-6)-carboxy seminaphtharhodafluor (SNARF)-1 dissolved in anhydrous dimethyl sulfoxide (DMSO; ≥ 99.9%), together with 3 μL of 5% solution of the Pluronic F-127 dissolved in DSMO. The fluorophores were loaded into the cells by passive diffusion during an incubation period of 30~40 min. For the blank treatment, the procedure of fluorophore loading was the same as before (including adding Pluronic F-127) but avoiding the addition of the SNARF fluorescent probes. After incubation, the algal cells were centrifuged at 12,000× g for 3 min, washed twice as described above, and resuspended in PBS buffer for the measurement of fluorescence emission. Fluorescence emission was measured at two wavelengths: 585 nm (F1) and 630 nm (F2). The 520 nm was set as the optimal excitation wavelength for the fluorescence detection of SNARF in all subsequent measurements by spectrofluorometry (F-4600, Hitachi, Tokyo, Japan). The pH was calculated by using a calibration curve of the quotient (defined as R) of F1 divided by F2 at different PBS buffer pH levels in triplicate samples as follows:



To establish the calibration curve, the fluorescently labeled cells were killed by adding 7.25 μL 6.7 mM nigericin dissolved in absolute ethanol and incubated for 10 min. Subsequently, PBS buffers with different pH gradients (5.88, 6.26, 6.57, 6.86, 7.16, 7.47, and 8.01) were added and resuspended.



2.9 RNA Extraction and Illumina Sequencing

After cultivation for 7 days, CK, ST, and LT cells were centrifuged at 12,000 g for 5 min in 4°C, respectively. The samples were frozen in liquid nitrogen and then stored at -80°C immediately. Total RNAs were extracted and purified from frozen N. oceanica cells with an RNA extraction kit (Omega, Norcross,GA, USA) according to the manufacturer’s protocol. RNA purity was checked by using a NanoPhotometer Spectrophotometer (Implen, CA, USA). RNA concentration was measured by using a Qubit 3.0 Fluorometer (Life Technologies, CA, USA). RNA integrity was assessed by using a Bioanalyzer 2100 system RNA Nano 6000 Assay Kit (Agilent Technologies, CA, USA). RNA purification, library construction, and RNA-seq were performed by the Annoroad Gene Technology Co., Ltd. (Beijing, China).

Briefly, a library for each sample was generated from 3 μg of RNA and then sequenced using Illumina NovaSeq 6000. To obtain the high-quality data used in the analysis, raw reads were first subjected to preliminary processing by using custom Perl scripts to remove reads that contained adapter sequences, poly-N sequences (greater than 5%), low quality reads, and reads with lengths of less than 30 bp. The filtered clean reads were mapped to an N. oceanica reference genome (https://genome.jgi.doe.gov/portal/, JGI Project Id: 1143084) using HISAT2 v2.1.0 (Kim et al., 2015). The read counts of each gene in each sample were counted by HTSeq v0.6.0, and fragments per kilobase million mapped reads (FPKM) were used for gene expression level quantification (Trapnell et al., 2010). DESeq2 was used to estimate the expression level of each gene per sample by using linear regression and then the p value was calculated with the Wald test (Wang et al., 2010). Finally, the p value was corrected by the Benjamini and Hochberg method to obtain the q value. Genes with q< 0.05 and |log2(Fold Change)| > 1.0 were identified as differentially expressed genes (DEGs).



2.10 Function Enrichment Analysis

The Gene Ontology (GO, http://geneontology.org/) enrichment of DEGs was implemented by the hypergeometric test, in which the p value was calculated and adjusted as a q value, and data background was genes in the whole genome. GO terms with q< 0.05 were considered to be significantly enriched. GO enrichment analysis could exhibit the biological functions of the DEGs. Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.jp/) was a database resource containing a collection of manually drawn pathway maps representing our knowledge on the molecular interaction and reaction networks. The KEGG enrichment of DEGs was implemented by the hypergeometric test, in which the p value was adjusted by multiple comparisons as the q value. KEGG terms with q< 0.05 were considered to be significantly enriched.



2.11 Metabolite Extraction

Each sample was ground with liquid nitrogen, 100 mg was weighed and then added to 200 μL pre-cooled water and 800 μL pre-cooled methanol/acetonitrile (1:1, v/v). It was mixed thoroughly, sonicated in an ice bath for 60 min, and then incubated at -20°C for 1 h to precipitate proteins. After centrifugation at 16,000 × g for 20 min at 4°C, the supernatant was collected and then evaporated in a high-speed vacuum concentration centrifuge. For mass spectrometry detection, 100 μL of acetonitrile/water solution (1:1, v/v) was added to the sample for redissolution, it was centrifuged at 14,000 × g for 15 min in 4°C, and the supernatant was removed for analysis.



2.12 LC-MS/MS Analysis

Metabolite profiling was conducted using an LC-MS/MS ultra-performance liquid chromatography (UPLC) system (Agilent 1290 Infinity LC; MS/MS, Triple-TOF 5600+, AB SCIEX). Chromatographic separation was performed on an ACQUITY UPLC BEH Amide column (2.1 mm × 100 mm × 1.7 μm; Waters) using mobile phase A (water + 25 mM ammonium acetate + 25 mM ammonia) and mobile phase B (acetonitrile). The gradient elution procedure was as follows: 0–0.5 min, 95% B; 0.5–7 min, B changed linearly from 95% to 65%; 7–9 min, B changed linearly from 65% to 40%; 9–10 min, B maintained at 40%; 10–11.1 min, B changed linearly from 40% to 95%; 11.1–16 min, B maintained at 95%. The column temperature was set to 25°C and the flow rate was maintained at 0.3 mL min−1. QC samples were inserted into the sample queue to monitor and evaluate the stability of the system and the reliability of the experimental data.

Mass data acquisition was performed in electrospray ionization (ESI) positive and negative mode using the following parameters: ion source gas1 (Gas1) of 60 psi; ion source gas2 (Gas2) of 60 psi; curtain gas (CUR) of 30 psi; source temperature of 600°C; ion spray voltage floating of ± 5.5 kV; TOF MS scan m/z range: 60–1200 Da, product ion scan m/z range: 25–1,200 Da, TOF MS scan accumulation time 0.15 s/spectra, product ion scan accumulation time 0.03 s/spectra; information-dependent acquisition (IDA) was used for secondary mass spectrometry and adopted high sensitivity mode; declustering potential of ± 60 V; collision energy of 30 eV. IDA settings were as follows: exclude isotopes within 4 Da, candidate ions to monitor per cycle: 6.



2.13 Identification of Significantly Different Metabolites

The original data were formatted, and the XCMS program in MSDIAL software was used for peak alignment, retention time correction, and extraction peak area. The structures of metabolites were identified by using accurate mass number matching (< 25 ppm) and secondary spectrum matching methods to search public databases such as HMDB, MassBank, and a self-built metabolite standard library. For the extracted data, the ion peaks with missing values of more than 50% were deleted, the positive and negative ion peaks were integrated, and the software SIMCA-P 14.1 (Umetrics, Umea, Sweden) was used for pattern recognition. After these data were preprocessed by Pareto scaling, multidimensional statistical analysis was carried out, including unsupervised principal component analysis (PCA), partial least squares-discriminant analysis (PLS-DA), and orthogonal projections for latent structures-discriminant analysis (OPLS-DA). Differential metabolites were filtered according to |log2(fold change)| > 1 and p value< 0.05. Metabolites with the variable importance for the projection (VIP) > 1 and p value< 0.05 were identified as significantly different metabolites (SDMs). Metabolites were identified by the Shanghai Bioprofile Technology Co., Ltd. (Shanghai, China).



2.14 Feeding Experiments

The rotifer Brachionus plicatilis was provided by Institute of Oceanology, Chinese Academy of Sciences. For the RC, rotifers were fed with CK in a plant growth chamber (400 ppm). For the RS and RL, rotifers were fed with ST and LT in a plant growth chamber (1,000 ppm), respectively. These culture parameters were the same as the previous algal culture conditions. The initial inoculation concentration of rotifers was 8 rot mL−1 and was cultured in a 1 L glass beaker. On the 0, 2, 4, 5, and 6 days, the same concentration of the algal solution was fed to keep the bait concentration at 2.5 × 109 cells L−1, and the concentration of rotifers was measured by a hemocytometer. On day 7, the rotifers were collected with a 200-mesh (74 μm) filter and washed twice with distilled water to remove algal fragments and salts. Then, the rotifers were dried in an oven at 60°C for 24 h. The dried rotifers were ground with liquid nitrogen to obtain a powder and stored at -80°C. The fatty acid composition of rotifers was measured as described previously. For each of the three cultures for each treatment three sample replicates were taken.



2.15 Statistical Analysis

One-way analysis of variance (ANOVA) with the least significant difference post hoc test and the t-test were used to analyze the significant differences among different treatments. The Spearman’s method was used to analyze the correlation coefficients among replicated treatments, and the correlation coefficients among SDMs were calculated based on the Pearson’s method (Hauke and Kossowski, 2011). R (3.5.3), and Adobe Illustrator CS6 was used to draw and modify graphics. Significant differences were assumed to be p< 0.05.




3 Results


3.1 Cell Growth, Photosynthesis, and Carbon Dioxide Biofixation Rate in Response to Elevated pCO2

The cell growth of N. oceanica was affected significantly under elevated pCO2, as shown in Figure 1. Under the three conditions, cells all entered the logarithmic growth phase from the 2nd day and reached the highest cell concentration (CK, 5.03 × 107 cells mL−1; ST, 5.88 × 107 cells mL−1; LT, 6.64 × 107 cells mL−1) around the 8th day to enter the stationary phase. According to equation (1), we calculated the growth rate of N. oceanica based on the cell density on the 2nd day and the 8th day: CK, 0.67275 ± 0.01725 d−1; ST, 0.71645 ± 0.01075 d−1(p =0.015); LT, 0.7169 ± 0.0188 d−1 (p =0.012). The results showed the growth of cells under ST and LT increased significantly compared with CK. ST and LT increased the Fv/Fm significantly (p< 0.05), whereas the CK had the lowest Fv/Fm value (Figure 2A). Moreover, high CO2 conditions significantly increased the CO2 biofixation rate compared with ambient conditions (Figure 2B). Briefly, consistent with other studies, we found that OA could enhance photosynthesis and CO2 biofixation, promoting the growth of N. oceanica.




Figure 1 | The growth curve of N. oceanica cultivated at different cultivated conditions. The error bars represent the standard deviation (SD), n = 3.







Figure 2 | The Fv/Fm (A) and CO2 biofixation rate (B) of N. oceanica when subjected to different treatment conditions. The error bars represent the standard deviation (SD), n = 3. Different letters represent significant differences at p< 0.05. CK, control; ST, short-term acidification; LT, long-term acidification.





3.2 Biochemical Composition in Response to Elevated pCO2

As shown in Table 2, the cells of ST and LT both significantly increased contents of total carbon and total nitrogen as well as the ratio of C/N when compared with CK. This indicated that high CO2 concentration enhanced the contents of carbon and nitrogen to maintain rapid cell growth. The long-term elevated pCO2 adaptation significantly decreased the total protein content, while the short-term elevated pCO2 acclimation significantly increased the total soluble carbohydrate content when compared with the ambient conditions (Table 2).


Table 2 | Biochemical components of N. oceanica when subjected to different treatments.



The fatty acid profiles of N. oceanica grown under CK, ST, and LT conditions were detected by GC-MS. The proportion of unsaturated fatty acids (USFAs) were CK: 62.75 ± 3.17%; ST: 66.27 ± 0.87%; LT: 65.17 ± 0.50%, which were all above 60% (Table 3). This result is line in with previous study that N. oceanica was a type of microalga that is rich in USFAs (Sharma & Schenk, 2015), and was important to nutrient transfer in the marine food chain. Under the three conditions, the major fatty acid components of N. oceanica were C16 and C20 (> 87.86%). C14:0, C16:1n7, and C20:5n3 were significantly increased under elevated pCO2 conditions, whereas C16:0 and C18:1n9 were significantly reduced (Table 3). Intriguingly, high CO2 conditions significantly decreased the proportion of saturated fatty acids (SFAs) but increased the proportion of unsaturated fatty acids (Table 3).


Table 3 | Fatty acid composition (%) of N. oceanica when subjected to different treatments. 






3.3 Algal Cell Surface pH in Response to Elevated pCO2

According to the pH calibration curve using the fluorescence ratio (Figure S3), the cell surface pH of the three conditions were CK, 8.14 ± 0.01; ST, 7.83 ± 0.16; and LT, 7.84 ± 0.44. It was speculated that the carbonate system and pH of seawater were changed by OA. To adapt to changes in the environment, the surface pH of algal cells also changed, leading to significant changes in physiology and biochemistry.



3.4 Construction and Functional Analysis of the Transcriptome Library in Response to Elevated pCO2

About 43.24~48.21 million raw reads were obtained in N. oceanica through the Illumina NovaSeq 6000 sequencing platform (Table 4). Subsequently, raw reads were filtered with the Trimmomatic ver. 0.32 (Bolger et al., 2014), resulting in over 41.12 million clean reads. In all nine N. oceanica libraries, more than 91.33% of the sequence quality scores were higher than Q30 (Figure S4), indicating that the libraries had high quality clean reads. Therefore, more than 36.27 million clean reads were compared to the reference genome, and the rate of matching ranged from 85.72 to 87.34% (Table 4). From FPKM calculations of the three types of libraries, 9332, 9356, and 9338 genes were obtained in CK, ST, and LT, respectively (Table 4).


Table 4 | Summary statistics of the transcriptome of N. oceanica when subjected to different treatments.





3.5 Analysis of Gene Expression Patterns in Response to Elevated pCO2

With the filter criteria of |log2(fold change)| > 1 and q< 0.05, 1692 DEGs were identified in LT when compared to the CK, of which 868 and 824 genes were upregulated and downregulated, respectively (Figure 3A). Likewise, 495 DEGs were identified in ST compared to the CK, of which 363 and 132 genes were upregulated and downregulated, respectively (Figure 3A). As shown in the volcano plots (Figure S5), the fold-change of upregulated and downregulated DEGs were the same in LT vs. CK, but the fold-change of upregulated DEGs were more than that of downregulated DEGs in ST vs. CK. In the relationships between different DEG groups displayed as a Venn diagram, there were 357 overlapping DEGs between LT vs. CK and ST vs. CK, 670 overlapping DEGs between LT vs. CK and LT vs. ST, and 141 overlapping DEGs between LT vs. ST and ST vs. CK, and the three groups of overlapping DEGs were 93 (Figure 3B). To compare the transcriptomes of the different conditions, a heat map was generated to show the transcript abundance of all DEGs. Hierarchical clustering analysis of DEGs showed that the expression patterns of the LT were highly distinct from those under normal conditions, whereas the expression patterns of the ST were similar to normal (Figure 3C). This result indicated that long-term elevated pCO2 adaptation had a dramatic effect on gene expression, but short-term elevated pCO2 acclimation was not particularly obvious.




Figure 3 | Statistics and analysis of differentially expressed genes (DEGs) among the different treatments. (A) The number of DEGs between the different treatments. (B) Venn diagram shows the overlapping DEGs among of LT vs. CK, LT vs. ST, and ST vs. CK. (C) Heat map analysis of the DEGs among the different treatments; red represents upregulated, and blue represents downregulated. CK, control; ST, short-term acidification; LT, long-term acidification.





3.6 Functional Analysis of Differential Expressed Genes in Response to Elevated pCO2

As shown in Figure 4, GO analysis was conducted for the DEGs of LT vs. CK and ST vs. CK, and all DEGs were classified into cellular components, biological processes, and molecular function. GO analysis of these DEGs showed enrichment of six major cellular components, including membrane, macromolecular complex, organelle, organelle part, membrane part, and cell part. In biological processes, DEGs were enriched in metabolic process, cellular process, response to stimulus, localization, biological regulation, and cellular component organization or biogenesis. In molecular function, most of the DEGs were enriched in three categories including catalytic activity, transporter activity, and binding (Figure 4). KEGG pathway enrichment analysis revealed that these DEGs were mainly enriched in C- and N-related metabolic pathways (Figure 5). In the bubble chart of KEGG enrichment, DEGs were enriched in glycolysis/gluconeogenesis, fatty acid metabolism, fatty acid biosynthesis, carbon metabolism, carbon fixation in photosynthesis organisms, and biosynthesis of amino acid in the LT vs. CK (Figure 5A), and enriched in carbon metabolism, carbon fixation in photosynthetic organisms, and biosynthesis of amino acid in the ST vs. CK (Figure 5B). It could be hypothesized that these metabolic pathways were involved in the response of N. oceanica to OA and promoted its growth.




Figure 4 | Gene Ontology (GO) functional classification of differentially expressed genes (DEGs). (A) GO functional classification of DEGs in the LT vs CK. (B) GO functional classification of DEGs in the ST vs CK. CK, control; ST, short-term acidification; LT, long-term acidification.







Figure 5 | Kyoto Encyclopedia of Genes and Genomes pathway enrichment of differentially expressed genes (DEGs) in the LT vs. CK (A) and ST vs. CK (B). Number of DEGs was represented by the size of the circle. CK, control; ST, short-term acidification; LT, long-term acidification.





3.7 Metabolomic Analysis in Response to Elevated pCO2

As shown in Figure 6A, in the unsupervised PCA analysis, the R2X value of PCA was 0.366, indicating that there were significant differences between the LT, ST, and CK groups. PLS-DA analysis showed that R2 and Q2 values were both close to 1.0, indicating that the model was very stable and effective (Figure 6B). In addition, OPLS-DA (modified PLS-DA) was used to clarify the metabolic patterns among different groups. To assist the screening of marker metabolites, VIP was calculated to measure the impact intensity and explanatory ability of each metabolite expression pattern on the classification discrimination of each group of samples (VIP > 1.0). In the LT vs. ST vs. CK, the parameters of the OPLS-DA model were R2X = 0.395, R2Y = 0.994, and Q2 = 0.754, the above data showed that the model was reliable and stable (Figure 6C). After 200 permutations, the R2 and Q2 intercepts of LT vs. ST vs. CK were 0.936 and −0.237. The intercept values of Q2 in both groups were less than 0.05, indicating a low risk of overfitting and the reliability of the model (Figure 6D).




Figure 6 | Derived principal component analysis (PCA) score plot, partial least squares-discriminant analysis (PLS-DA) score plot, orthogonal projections for latent structures (OPLS-DA) score plot, and permutation test plot of OPLS-DA from the UPLC-Q-TOF-MS metabolite profiles. (A) PCA score plot of metabolite profiles from the LT, ST, and CK. (B) PLS-DA score plot in the LT vs. ST vs. CK. (C) OPLS-DA score plot in the LT vs. ST vs. CK. (D) Permutation test plot of OPLS-DA in the LT vs ST vs. CK. CK control; ST, short-term acidification; LT, long-term acidification.



With the filter criteria of |log2(fold change)| > 1 and p< 0.05, the differential metabolites were presented by the volcano plots, and it was found that the metabolites of N. oceanica under OA conditions were significantly different from those under normal culture conditions. In the LT vs CK, upregulated and downregulated metabolites accounted for a half, while in the ST vs. CK, most of the metabolites were downregulated (Figure S6). The SDMs were used to mine the VIP obtained from the OPLS-DA model with biological significance. In the LT vs. CK and ST vs. CK, 321 and 303 SDMs were identified, and the hierarchical clustering analysis of these SDMs showed that the metabolic patterns of LT, ST, and CK were highly different (Figures S7, S8). Subsequently, Pearson’s correlation was used to obtain the correlation coefficients between different groups of SDMs and display them in a matrix heatmap (Figures S9, S10). In addition, 14 out of 321 SDMs in the LT vs. CK and 9 out of 303 SDMs in the ST vs. CK were selected to analyze the changes in C- and N-related metabolic pathways combined with transcriptome, physiological, and biochemical data (Table 5).


Table 5 | Significantly different metabolites related to C and N metabolism.





3.8 Changes of Growth and Fatty Acid Profiles in B. Plicatilis

After feeding with N. oceanica under different acidification conditions, the growth curves of rotifers were measured as shown in Figure 7. The B. plicatilis in the RC group fed CK grew the fastest and remained in a stage of rapid growth, while the rotifers in the RS and RL groups fed ST and LT grew slowly.




Figure 7 | The growth curve of rotifer B. plicatilis under different treatment treatments. RC, rotifer fed with CK; RS, rotifer fed with ST; RL, rotifer fed with LT.



Fatty acid profiles of B. plicatilis fed on algae powder grown with normal and high CO2 concentration were analyzed by GC-MS, and three biological replicates were set for each condition. As shown in Table 6, the MUFA content of rotifers under different feeding conditions accounted for the largest proportion, RC: 47.32 ± 0.81%; RS: 49.62 ± 0.37%; RL: 48.89 ± 0.06%; The MUFAs of rotifers were significantly increased (p< 0.05) after they were fed powder from algae grown under acidified conditions. The EPA content of RS was increased and that of RL was significantly increased (p< 0.05), which was the same as that of N. oceanica under ST and LT conditions. However, the levels of arachidonic acid (C20:4N6, ARA) and C18:2N6 were significantly decreased in RS and RL, and at the same time, the levels of PUFAs in RS were significantly decreased. The insignificant change of PUFAs in RL might be caused by the large increase in EPA levels. The contents of C14:0 and C16:1N7 of rotifers were significantly increased (p< 0.05) by feeding algae powder grown with high CO2 concentration, which was consistent with the change of N. oceanica under acidification. In particular, the content of C16:0 in rotifers was the same as that in N. oceanica, and both LT and RL significantly reduced the proportion of C16:0 in SFAs. The variation in the trends of major fatty acids in N. oceanica and B. plicatilis were consistent (Figure 8), indicating that the changes of fatty acids in N. oceanica were transferred to rotifers after acidification.


Table 6 | Fatty acid composition (%) of B. plicatilis under different treatments (RC, RS and RL). 








Figure 8 | Changes of main fatty acid profiles of N. oceanica (CK, ST and LT) and rotifer (B) plicatilis (RC, RS and RL) under different treatment treatments. CK, control; ST, short-term acidification; LT, long-term acidification. RC, rotifer fed with CK; RS, rotifer fed with ST; RL, rotifer fed with LT.






4 Discussion

In this study, the physiological and biochemical responses and regulation of N. oceanica to elevated pCO2 were explored. By comparing transcriptome and metabonomics data, the changes of main metabolic pathways in N. oceanica under acidification were analyzed, and the molecular regulatory mechanism was explained. At the same time, the possible ecological effects were evaluated through animal feeding experiments, and the impact of changes in N. oceanica on the food chain during OA was analyzed.


4.1 Photosynthesis and Calvin Cycle

Similar to C3 higher plants, microalgae can absorb external inorganic carbon sources through the photosynthetic carbon fixation pathway, which can be converted into organic compounds to maintain cell energy metabolism (Spalding, 1989). In the photosynthetic pathway, only two DEGs were found under LT cells, namely photosystem II oxygen-enhancing protein 3 (psbQ) and ferredoxin-NADP+ reductase (FNR), both of which were significantly downregulated, while no DEG was found in ST cells (Table 7; Figure 9A). Similarly, the expression of most light-capturing central protein genes in photosystems I and II was significantly inhibited after long-term acidification in Chlamydomonas reinhardtii (Zhang et al., 2021). Under short-term acidification, the photosynthesis-related light-trapping protein gene expression of microalgae Coccomyxa subellipsoidea C-169 was significantly downregulated (Peng et al., 2014).


Table 7 | Differentially expressed genes related to C and N metabolism.






Figure 9 | Schematic representation of genes and metabolites changes in C and N metabolic pathways in N. oceanica under ocean acidification. (A) Calvin cycle. (B) Photosynthesis. (C) Glycolysis/gluconeogenesis and TCA cycle. (D) Fatty acid biosynthesis. (E) β-oxidation. (F) Triacylglycerol biosynthesis. (G) Nitrogen metabolism. Key enzymes and metabolites were included in the map. Next to the enzyme, left tetragon represents LT vs. CK; right circle represents ST vs. CK. Two adjacent circles next to the metabolite, left circle representsLT vs. CK and right circle represents ST vs. CK (red in upregulated, blue in downregulated). CK, control; ST, short-term acidification; LT, long-term acidification. RuBisCO, ribulose bisphosphate carboxylase; PGK, phosphoglycerate kinase; GAPA, glyceraldehyde-3-phosphate dehydrogenase; TPI, triosephosphate isomerase; ALDO, fructose-bisphosphate aldolase; tktA, transketolase; rpiA, ribose 5-phosphate isomerase A; PRK, phosphoribulokinase; psbQ, photosystem II oxygen-evolving enhancer protein 3; FNR, ferrdoxin-NADP+ reductase; PGM, phosphoglucomutase; GLA, galactosidase; G6P, glucose-6-phosphatase; GLK, glucokinase; GPI, glucose-6-phosphate isomerase; HK, hexokinase; MPI, mannose-6-phosphate isomerase; FBP, fructose-1,6-bisphosphatase; PFK, phosphofructokinase; FBA, fructose-bisphosphate aldolase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PGAM, 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase; ENO, enolase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; DLAT, dihydrolipoamide acetyltransferase; DLD, dihydrolipoamide dehydrogenase; PC, pyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; CS, citrate synthase; ACLY, ATP citrate lyase; ACO, aconitate hydratase; IDH, isocitrate dehydrogenase; OGDH, 2-oxoglutarate dehydrogenase; DLST, dihydrolipoamide succinyltransferase; SCS, succinyl-CoA synthetase; SDH, succinate dehydrogenase; FUM, fumarate hydratase; MDH, malate dehydrogenase; ACC, acetyl-CoA carboxylase; MAT, malonyl-CoA-[acyl-carrier-protein] transacylase; KAS, β-ketoacyl-[acyl-carrier-protein] synthase; KAR, β-ketoacyl-[acyl-carrier protein] reductase; HAD, β-hydroxyacyl-[acyl-carrier-protein] dehydratase; EAR, enoyl-[acyl-carrier-protein] reductase; AAD, acyl-[acyl-carrier-protein] desaturase; FATA, fatty acyl-[acyl-carrier-protein] thioesterase A; ACSL, long-chain acyl-CoA synthetase; ACOX, acyl-CoA oxidase; ECH, enoyl-CoA hydratase; HADH, β-hydroxyacyl-CoA dehydrogenase; ACAT, acetyl-CoA C-acetyltransferase; DHAP, dihydroxyacetone phosphate; GPD1, glycerol-3-phosphate dehydrogenase (NAD+); G-3-P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate acyltransferase; PA, phosphatidic acid; Lyso-PA, lysophosphatidic acid; LPAAT, Lyso-PA acyltransferase; PAP, PA phosphatase; DAG, diacyglycerol; DGAT, DAG acyltransferase; TAG, triacylglycerol; NRT, nitrate/nitrite transporter; NR, nitrate reductase; Fd-NiR, ferredoxin-dependent nitrite reductases; CPS, carbamoylphosphate synthase; GDH, glutamate dehydrogenase; GS, glutamine synthetase; GLT, glutamate synthase.



Most genes involved in the Calvin cycle in LT and ST were also significantly downregulated, and the transketolase (tktA, Gene_5777) was the only gene significantly upregulated, by 2.25 times, under ST conditions (Table 7; Figure 9B). RuBisCO is a key enzyme in the initial phase of CO2 fixation in the Calvin cycle, but no significant changes were observed under acidification conditions. In LT cells, three homologous genes of phosphoglycerate kinase (PGK), glyceraldehyde-3-phosphate dehydrogenase (GAPA), ribose 5-phosphate isomerase (rpiA), and tktA were significantly downregulated, as well as the transcript encoding ribulose-phosphate kinase (PRK) (Table 7). The study showed similar results that the RuBisCO of microalgae Coccomyxa subbellipsoidea C-169 did not change significantly during a short period of growth under high CO2 concentrations (Peng et al., 2014). PGK and GAPA, the key enzymes in the Calvin cycle, can generate glyceraldehyde 3-phosphate through the consumption of photosynthesis NADPH and ATP catalytic glyceric acid-3-phosphate. Although we found that the carbon biofixation rate increased during acidification (Figure 2), the transcriptome data suggested that the carbon biofixation pathway decreased. We guessed that the carbon fixation pathway was not always up-regulated, perhaps in the initial stage, but with the increase of carbon biofixation, the product inhibition effect was produced and the carbon biofixation pathway was down-regulated. The specific mechanism was worthy of future study.

Carbon is fixed through the Calvin cycle to form various carbon skeletons and other derivatives, such as carbohydrates, fatty acids, and amino acids. Although physiological and biochemical data showed that the total protein content of LT cells significantly decreased, the protein content of ST cells slightly increased but the carbohydrate content significantly increased (Table 2). According to metabonomics data, amino acid content significantly increased and most carbohydrates significantly decreased under LT conditions, whereas the levels of most amino acids significantly decreased under ST conditions (Table 5). We speculated that the downregulated PGK and GAPA significantly reduced the accumulation of carbohydrates in algal cells under LT, which promoted a large amount of carbon source to flow to the synthesis of amino acids, and the consumption of carbohydrates promoted the rapid growth of algal cells under long-term acidification. However, under ST, due to the significant upregulation of tktA, the carbohydrate content was increased, and the increased CO2 concentration promoted the photosynthetic carbon fixation pathway of N. oceanica, which in turn promoted the absorption of a large number of inorganic carbon sources that were then converted into carbohydrates as common energy materials for storage. This difference between LT and ST may be due to the adaptation of algal cells to different acidification time scales.



4.2 Glycolysis and TCA Cycle

Glycolysis/gluconeogenesis and the TCA cycle are important energy metabolic pathways in organisms. In particular, the TCA cycle is a central hub for the metabolism of sugars, lipids, and amino acids. Several key enzymes involved in glycolysis were significantly downregulated in LT. Including fructose diphosphate aldolase (FBA), phosphoglyceraldehyde dehydrogenase (GAPDH), PGK, phosphoglycerate mutase (PGAM), enolase (ENO), pyruvate kinase (PK), dihydrothioctyl transacetylase (DLAT), and dihydrothioctyl dehydrogenase (DLD) were significantly downregulated. However, the transcript of a homologous gene encoding PGAM (Gene_9748) and PK enzymes (Gene_4717) was significantly upregulated, and no significant changes were found in the gluconeogenesis pathway (Table 7; Figure 9C). In ST, two homologous genes PGK and ENO were significantly downregulated, while the pyruvate carboxylase (PC) gene was significantly upregulated by 3.05-fold in the gluconeogenesis pathway. Contrary to our findings, most of the glycolysis genes of Chlorella sorokiniana were significantly upregulated after short-term culture with a high concentration of CO2 (Sun et al., 2016). Similarly, when Haematococcus pluvialis was grown at 15% CO2 concentration, the expression of the transcription gene encoding PK was upregulated 3.5 times. In the metabolome results, the contents of glucose, fructose, and mannose-6-phosphate, the precursor metabolites of glycolysis, in LT decreased significantly, but the content of melibiose increased, and the content of glyceraldehyde, the intermediate metabolite of glycolysis, decreased significantly (Table 5). We hypothesized that PGAM (Gene_9748) and PK (Gene_4717), which were significantly upregulated, promoted glycolysis of LT, thus generating a large amount of energy to maintain rapid growth. During short-term acidification, significantly upregulated PC enzymes enhanced gluconeogenesis and thus promoted carbohydrate accumulation, which is consistent with the physiologically higher carbohydrate content finding in ST (Table 2).

The TCA cycle is a common metabolic pathway of aerobic organisms, in which intermetabolites are closely related to the synthesis and metabolism of amino acids (Li et al., 2014). Under LT conditions, most of the genes remained unchanged except for ATP-citrate lyase (ACLY) which was significantly downregulated. Citric acid and malic acid, intermediate metabolites of the TCA cycle, were also significantly decreased, while aspartic acid, asparagine, glutamine, leucine, and glutamate levels were significantly increased. In ST, the levels of citric acid, malic acid, and ketoglutaric acid were significantly decreased, while the levels of glutamine, asparagine, and alanine were significantly decreased but those of leucine were increased (Table 5). The significant reduction of TCA cycling-related metabolites in LT suggested that a large amount of carbon flow was directed to amino acid synthesis, whereas ST enhanced gluconeogenesis, resulting in carbon flow to carbohydrates and reduced amino acid content.



4.3 Lipid Metabolism

Biosynthesis of fatty acids in algal chloroplasts consists of a set of dissociated type II fatty acid synthases (FAS) adding two carbon units to the elongated fatty acid carbon chain in an iterative path (Ryall et al., 2003). Acetyl-CoA carboxylase (ACC) catalyzes the first step of de novo biosynthesis of fatty acids, using bicarbonate, ATP, acetyl-CoA, and biotin cofactors to produce malonyl-CoA, the cornerstone of fatty acid biosynthesis (Waite and Wakil, 1962; Alberts and Vagelos, 1968; Salie and Thelen, 2016). Under LT conditions, the expression of three ACC homologous genes was significantly downregulated. Transcripts encoding malonylmonoacyl-coenzyme A-ACP transferase (MAT), β-ketoalioyl-ACP synthase II (KASII), β-hydroxyl-ACP dehydrase (HAD), and enyl-ACp reductase (EAR) were significantly downregulated, while no significant changes were found in genes under ST (Table 7; Figure 9D). Contrary to our findings, the expression of several ACC genes in H. pluvialis growing at 15% CO2 concentration was significantly upregulated (FC: 2.95–3.08 fold). As a precursor of de novo synthesis of fatty acids, acetyl-CoA content decreased by 21% under LT (Table 5), leading to the significant downregulation of genes related to fatty acid synthesis. In long-term acidification studies, 2020c; Liang et al. (2020b) found that there was no significant change in the expression of genes related to fatty acid synthesis in Chlorella variabilis, whereas ACC was significantly downregulated in C. muelleri, with species differences. In the fatty acid β-oxidation pathway, we found that acidification significantly upregulated gene expression of related enzymes (Table 7, Figure 9E), indicating that the acidified micrococcus could grow faster due to the energy supply of β-oxidation. According to the metabolome results, the level of polyunsaturated fatty acid arachidonic acid (ARA) was significantly increased by 1.75 times under LT conditions (Table 3). According to the results of the fatty acid profile, SFAs of N. oceanica under acidification significantly decreased while PUFA content significantly increased and EPA relative content of N. oceanica was significantly increased (p< 0.05), indicating that acidification promoted the proportion of unsaturated fatty acids in algae cells (Table 3). Similar to our research results, 2016; Fan et al. (2015), Fan et al. (2016) found that algae cells exposed to a low carbon environment generally increased the content of SFAs, whereas algae cells exposed to a high carbon environment promoted the generation of PUFAs. While our result is inconsistent with that in Chaetoceros muelleri and Cylindrotheca fusiformis (Bermúdez et al., 2015; Liang et al., 2020c). The effects of high pCO2 on algal fatty acid contents, particularly on PUFA, were more diverse and species-specific, and the PUFA level may decline or increase in different microalga (Tsuzuki et al., 1990; Riebesell et al., 2000; Fiorini et al., 2010; Torstensson et al., 2013). In this study, the alga may also increase EPA levels to maintain membrane fluidity under elevated pCO2.

However, under short-term acidification, most studies showed that the lipid accumulation of microalgae could be promoted (Wang et al., 2014; Patil and Kaliwal, 2016; Sabia et al., 2018). In Chlorella vulgaris, short-term acidification leads to the intracellular accumulation of acetyl-CoA and lipids (Jose and Suraishkumar, 2016). On the contrary, when Chlorella sorokiniana grew with elevated CO2, most genes related to fatty acid synthesis were significantly downregulated, but lipid accumulation increased. Sun et al. (2016) speculated that the increase in substrate supply rather than the key enzymes of fatty acid biosynthesis play a more important role in the synthesis of triglycerides (TAG). In the pathway of triglyceride synthesis, GPD1 and two GPAT homologous genes were significantly downregulated under LT (Table 7; Figure 9F), indicating that the long-term acidification of N. oceanica may limit the accumulation of TAG by reducing the de novo synthesis of fatty acids, while the gene expression under ST conditions was not significant, and the related molecular regulation mechanism was difficult to explain, requiring further study by other methods.



4.4 Nitrogen Metabolism

Nitrogen is an essential nutrient for all living organisms and is required for the biosynthesis of large molecules such as proteins, nucleic acids, and chlorophyll. For N. oceanica, it is important to maintain the intracellular carbon and nitrogen balance. Although the level of total nitrogen increased with the increased the total carbon contens, the expression of related genes in the nitrogen assimilation pathway was significantly downregulated (NRT, NR, CPS) in LT cells, but in ST they were not significantly downregulated. Similar to our findings, Zhang et al. (2021) found that in Chlamydomonas reinhardtii, NRT and CPS gene expression was also significantly downregulated during long-term acidification. However, in Synechococcus elongates, elevated CO2 promotes the upregulated expression of genes related to nitrogen assimilation, thus maintaining the C and N homeostasis of algal cells (Mehta et al., 2019). In the study by Liang et al., genes for nitrogen absorption and assimilation were found to be upregulated in C.muelleri (Liang et al., 2020c).Therefore, it could be hypothesized that the accumulation of a large number of nitrogen-containing compounds (glutamine, and glutamate) resulted in feedback inhibition of long-term acidified cells (Table 5), which significantly down-regulated the expression of genes related to nitrogen metabolism and enabled N. oceanica to maintain a relatively stable C/N balance for algal growth (Figure 9G). Some specific amino acid concentrations like Argpartate and Leucine increased since the total protein content decreased in LT cells. It is speculated that under LT, algae cells are possible to use decomposable proteins for energy supply, so as to maintain the rapid growth of algae cells in the long-term high carbon and low pH environment. The related molecular regulation mechanism needs to be further studied.



4.5 Growth and Effects of Fatty Acid Profiles in B. Plicatilis

Due to high protein content, polyunsaturated fatty acid content, and short growth cycle, B. plicatilis is the open bait of fish and crustaceans in the ocean. Therefore, it is an indispensable class of zooplankton in the marine ecosystem. It feeds on marine microalgae under natural conditions, so it also contains more polyunsaturated fatty acid EPA (Fu et al., 2016). Studies have shown that low pH seawater could induce oxidative stress and DNA damage, and reduce the growth rate, fertility, and longevity of parent ichthys, but the effect on offspring is not obvious (Lee et al., 2020). We speculated that the acidified environment may inhibit the feeding of rotifers and slow down the growth and development of the rotifer population under acidified culture conditions. Our results confirmed this theory. In addition, the total fatty acid profiles of microalgae changed when the CO2 concentration was elevated compared with the 400 ppm CO2, which may transfer at the trophic level. It was found that the growth and reproduction of the water flea Acartia tonsa were affected when the copepods were fed with acidified algae (Rossoll et al., 2012). Similarly, Meyers et al. (2019) also found that OA could affect the nutritional quality of planktonic microalgae and their reproduction after feeding copepods. Compared with the main fatty acid spectrum data of rotifers and N. oceanica (Figure 9), the variation trends were roughly the same, indicating that changes in nutrient quality generated by OA on N. oceanica could be transferred to rotifers through nutrient level transfer. Although PUFAs were increased in LT cells, they still had adverse effects on downstream consumers. More studies are therefore needed to understand the complex food chain effects induced by OA.
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Quantifying the temporal variability in phytoplankton productivity is essential for improving our understanding of carbon (C) and nitrogen (N) dynamics and energy flows in natural aquatic ecosystems. Samples were collected at three-day intervals from December 2018 to January 2019 from fixed station in Marian Cove, Antarctica to determine the C and N (NO3- and NH4+) uptake by phytoplankton. Considerable fluctuations in the total C and N productivities were observed, which led to dynamic changes in the phytoplankton communities and a stronger coupling between the phytoplankton biomass. The increased rate of NO3- uptake coincided with an enhanced C uptake mainly by microphytoplankton (>20 µm), followed by an increase in NH4+ uptake towards the end of sampling period. However, the <2 µm fraction (picophytoplankton) showed little variation in C and NO3- uptake, and the proportions of assimilated NH4+ contributed to more than half of the total assimilated inorganic N. The increased NH4+ did not increase the total phytoplankton biomass and C production. Interestingly, after January 9 (maximum chlorophyll a, C, and N uptake) there was a shift to a predominantly easterly wind (>6 m s-1), which rapidly decreased the total chl-a, C and N uptake rate to ~4% of the highest values (0.6 mg m-3, 1.0 mg C m-3 h-1, 0.1 mg N m-3 h-1, respectively) on January 12. The phytoplankton community was also replaced by neritic and ice-related species. These findings suggest that strong temporal shifts in phytoplankton C and N assimilation are strongly influenced by external forces (wind stress).




Keywords: phytoplankton, carbon, nitrogen, stable isotope, Marian Cove, Antarctica



Introduction

The Southern Ocean plays a critical role in Earth’s carbon cycle as a significant carbon sink, accounting for ~43% of the total oceanic inventory of anthropogenic CO2 south of 30° S (Frölicher et al., 2015). This is a region of seasonal extremes, with large fluctuations in phytoplankton productivity. Coastal Antarctic is considered to have high productivity, with large summer blooms phytoplankton representing the most important annual input to pelagic food webs (Kang et al., 1997; Fiala et al., 1998; Kang et al., 2002; Arrigo et al., 2008; Vernet et al., 2012; Biggs et al., 2019).

Phytoplankton bloom dynamics in coastal Antarctic waters are governed by irradiance, temperature, stratification, anticyclones, and nutrient supply (Saba et al., 2014; Schloss et al., 2014; Höfer et al., 2019, and references therein). They consists of a series of sequential blooms of different phytoplankton species and sizes that utilize different forms of dissolved inorganic N (DIN) for optimal growth, depending on the ambient nutrient concentration and cell phases. Usually, high primary productivity (C uptake) phytoplankton blooms are seasonal in ice-covered regions and occur after sea ice melts. These blooms are composed of large phytoplankton cells (>20 µm, e.g., diatoms) that utilize nitrate (NO3-; so-called “new”) as their nitrogen (N) source. Smaller cells and haptophytes, which use regenerated forms of N compounds, e.g., ammonium (NH4+) to sustain growth, become important under post-bloom conditions (Dugdale and Goering, 1967; Kanda et al., 1990; Kristiansen et al., 1994; Bode et al., 2002; Clarke et al., 2008). Therefore, changes in the productivity and size classes of marine phytoplankton reflect environmental conditions and affect the flow of dietary energy from lower to upper trophic levels.

The coastal ecosystems of Antarctica on the western Antarctic Peninsula (WAP), where significant changes in sea ice and terrestrial ice sheet dynamics, temperature, nutrients, and salinity have been observed, are more vulnerable to climate change than other regions (Prézelin et al., 2000; Cook et al., 2005; Martinson et al., 2008; Stammerjohn et al., 2008; Annett et al., 2015; Cook et al., 2016; Llanillo et al., 2019). These changes are directly linked to observed changes in coastal ecosystems (Atkinson et al., 2004; Moline et al., 2004; Moon et al., 2015; Arrigo et al., 2017; Höfer et al., 2019; Plum et al., 2020; Gutt et al., 2021). In particular, Marian Cove is one of the fastest glacier retreat fronts in the WAP (Rückamp et al., 2011), and is a marine biological hotspot, as it is a fjord experiencing ecosystem changes due to global warming-induced glacier retreat and ice-melt (Gutt et al., 2021). Most studies in the area have focused primarily on benthic genera and bacterial community structures (Moon et al., 2015; Ahn et al., 2016; Ha et al., 2019; Kim et al., 2020; Bae et al., 2021), with numerous studies dealing with phytoplankton in the Marian Cove (Kang et al., 1997; Kang et al., 2002; Lee et al., 2015). However, limited phytoplankton productivity data are available from the same area (Yang, 1990; Kim et al., 2021). Studies on 15N-based uptake of phytoplankton have not been conducted in the Marian Cove till date. Therefore, the temporal pattern of phytoplankton succession in the Marian Cove, as influenced by their C and N uptake dynamics were undertaken to better understand the ecosystem structures and functions. The aim of this study was to describe the temporal variations in the C and N (new and regenerated) uptake rates of phytoplankton and associated chlorophyll a (chl-a) during summertime in the Marian Cove. The present study also constitutes the first measurement of in-situ N productivity in the study area and mainly focuses on the mechanisms controlling C and N dynamics related to environmental conditions.



Materials and Methods


Study Site and Field Sampling

The Marian Cove is 4.5 km long, 1.5 km wide, ~110 m deep, and is located in the Maxwell Bay, southwest of the King George Island, WAP. The area has experienced ~1.7 km of glacial retreat for 50 years (Park et al., 1998; Lee et al., 2008; Rückamp et al., 2011). Recent (1956–1957 and 2020–2021) glacier retreat velocity was ~27.2 m/yr in the Marian Cove (Figure 1). The phytoplankton biomass (chl-a) in the area started to increase from October to November peaking (i.e., a “bloom”) around January, whereas the lowest values occurred during winter (June–August) (Kang et al., 2002; Lee et al., 2015; Jeon et al., 2021). Marian Cove is characterized by intense summer blooms with high primary production in January (Kim et al., 2021). The general pattern of seasonal phytoplankton succession is that diatoms (>20 µm) dominate in summer and, pico- and nanophytoplanktons (<20 µm) dominate in winter (Kang et al., 1997; Kang et al., 2002; Lee et al., 2015; Jeon et al., 2021).




Figure 1 | Map showing the location of the (A) South Shetland Islands, (B) King George Island, and (C) Marian Cove. Glacier termini overlaid on remote sensing images and aerial photographs acquired in 1956-2021. The maps (A, B) were generated by using Ocean Data View v. 5.3.0 (https://odv.awi.de) (AWI, Bremerhaven, Germany, Schlitzer, R.).



The study site was conducted from a fixed-point coastal monitoring site for marine ecosystem near King Sejong Station (62°13’ S, 58°47’ W; KSS), Korea (Figure 1). Experiments for C and N uptake by phytoplankton were conducted from December 19, 2018, to January 26, 2019, and results were compared with the environmental parameters (water temperature, salinity, chl-a, nutrients, and phytoplankton taxonomy). The water depth at the site is between 5 and 10 m, and is vertically well-mixed owing to wind- and tide-induced currents (Lee et al., 2015 and references therein). Surface water samples were collected every third day around solar noon at a depth of 0.5 m using a sampler. Average three–hour meteorological data (wind speed and wind direction) were collected during the sampling period from the automatic meteorological observation system (AMOS-3) of the KSS. The wind vane was located 10 m above ground (Park et al., 2013). Ten-minute interval data were averaged into hourly and daily data.



Surface Seawater Temperature, Salinity, Macronutrient, and Chl-a Analyses

Water temperature and salinity were measured using a YSI Model 30 (Yellow Springs Inc. Ohio, USA). For dissolved inorganic nutrient (NO2- + NO3-, NH4+, PO43-, and SiO2) concentrations, the seawater was filtered through GF/F filters (pre-combusted at 450°C for 4 h, nominal 0.7 µm, Whatman, UK). The filtered seawater samples were preserved at approximately -20°C until analysis. Major inorganic nutrients were measured using a 4-channel continuous autoanalyzer (QuAAtro, SEAL Analytical, UK), according to the manufacturer’s instructions. Standard curves were run for each sample batch using freshly prepared standards with concentrations in the range of that of the samples. For total chl-a analysis, seawater was filtered through GF/F filters (pre-combusted at 450°C for 4 h). For size-fractionated chl-a analysis, water was passed sequentially through a nucleopore membrane filter (20 µm and 2 µm) and GF/F filters. All filters were extracted overnight with 90% acetone, and the extracts were analyzed using a fluorometer (Trilogy, Turner Designs, Sunnyvale, CA, USA) (Parsons et al., 1984).



Experiments for Carbon and Nitrogen Uptake Rate

The sampled seawater was prefiltered through a 200 µm mesh to remove zooplankton. 13C-labeled sodium bicarbonate (Cambridge Isotope Laboratories, USA), 15N-labeled potassium nitrate and sodium ammonium (Sigma–Aldrich, USA) were added to the surface water samples in 1 L polycarbonate bottles. The 13C and 15N levels were ~4–20% of the total dissolved inorganic C and ambient nitrogenous nutrient concentrations. The bottles were incubated for 4–5 h in ambient seawater. The incubated seawater was filtered (0.3 L) through 450°C pre-combusted GF/F filters (25 mm). A fraction of the picophytoplankton and water passed through 2 μm nucleopore filters (47 mm) and the filtrate was passed through GF/F filters (25 mm). The filters were immediately stored at -80°C until further analysis. The C and N (nitrate and ammonium) uptake rates of the phytoplankton were measured according to the protocol described by Kim et al. (2021). The samples were placed overnight in an acid fume to remove carbonates. C and N isotope abundances were determined using Elemental Analysis (Euro EA3028, EuroVector, Milan, Italy) - Isotope Ratio Mass Spectrometry (Isoprime 100, EIementar, Manchester, UK) in a stable isotope laboratory at Hanyang University, Korea. Carbonate alkalinity of the water sample was determined by titration with 0.01 N HCl, and the total CO2 content was calculated according to the method of Parson et al. (1984). The C or N uptake rates (mg C (or N) m-3 h-1) of phytoplankton were calculated based on Hama et al. (1983) and Dugdale and Goering (1967), respectively, using the following formula (1):

 

where ΔPOC(orPON)(t) is the increase in particulate organic C or N concentration during incubation (mg C (or N) m-3), respectively, t is the incubation time, ais is the atomic % of 13C (or 15N) in the incubated sample, ans , is the atomic % of 13C (or 15N) in the natural sample, aic is the atomic % of 13C (or 15N) in the total inorganic C (or N). The specific uptake rate can be defined as the rate of uptake or transport of the product (h-1). Unlike the C uptake samples (duplicates), single samples were analyzed for the N uptake rates.



Data Analysis

Pearson’s correlation was used to investigate the relationship between environmental variables and C and N uptake rates. In this study, we estimated the time series of temporally cumulative zonal wind stress (τx, in N m-2) from December 19, 2018 to January 26, 2019, to identify cumulative force exerted on the surface. The cumulative zonal wind stress at a particular time is calculated as the sum of the wind stresses over the previous days (1-day to 5-day in this study). Positive and negative values indicate eastward and westward wind stress, respectively.




Results


Temporal Patterns of Temperature, Salinity, Chl-a, and Inorganic Macronutrients

The surface water temperature at the sampling site in the Marian Cove was the highest (2.2°C) and lowest (0.3°C) on December 19, 2018 and January 26, 2019, respectively (Figure 2A). With the exception of a few days (≤0.6°C) in December to January, most recorded temperatures were above >1°C. The surface salinity ranged from 29.6 to 34.5. Salinity was stable throughout the study period, except a low salinity period in January 12–20. Salinity was positively correlated with the water temperature (r = 0.615, p< 0.05; Table 1).




Figure 2 | Temporal variability of (A) water temperature and salinity, (B) total chlorophyll a concentration and percentage contribution of size-fractionated chlorophyll a, concentration of (C) NOx (NO2-+NO3-) and SiO2,(D) PO43- and NH4+, (E) molar ratio of N:P and N:Si at surface water during sampling period.




Table 1 | Pearson correlation coefficients between the environmental parameters on productivity. 




Figure 2B shows the temporal variability of the total chl-a content and the relative contribution of size-fractionated phytoplankton (micro-, nano-, and picophytoplankton). The highest total phytoplankton biomass (chl-a) was recorded on January 6 and 9, 2019 (14.6 and 20.0 mg m-3, respectively). Average chl-a was 4.4 mg m-3 (SD = ± 6.0 mg m-3) during the period from December 19, 2018 to January 26, 2019 (Figure 2B). Microphytoplankton constituted the dominant size fraction during the sampling period, accounting for 16.5-93.6% of the total chl-a content, with a mean of 57.2% (± 26.2%), followed by nano- (30.3%), and picophytoplankton (12.5%). At peak chl-a content, microphytoplankton (>20 μm) contributed >90% of the total chl-a. In comparison, the contribution of picophytoplankton (<2 μm) to the total biomass was always low, reaching peak values (28%) on December 25, 2018. The total chl-a concentration was positively correlated with microphytoplankton (p< 0.05, r = 0.748) and negatively correlated with picophytoplankton (p< 0.05, r = -0.651) (Table 1).The daily concentrations of NO2-+NO3- and SiO2 were 11.4–26.2 μM and 41.6–73.5 μM, respectively, although they differed widely on each sampling date. PO43- displayed the same pattern as NO2-+NO3- (Figure 2C). However, the PO43- concentration was relatively lower (0.8-1.8 μM). Decrease in nutrient concentrations during sampling were common with substantially increased chl-a concentration, such as from early to mid-January. The largest decrease in nutrient concentration in the surface water from the initial values was observed during January 12–20. NO2-+NO3- and PO43- concentrations decreased from 19.2 to 11.4 μM and 1.7 to 0.8 μM, respectively (Figure 2C). Similarly, low NH4+ was observed (<1 μM) at peak chl-a. Interestingly, SiO2 concentrations further decreased between January 9 and 23, which was not observed for other inorganic nutrients (Figure 2D). Overall, the NO2-+NO3-+NH4+:PO43- (N:P) and NO2-+NO3-+NH4+:SiO2 (N:Si) molar ratios ranged from 11.7 to 15.4 (average ± SD = 13.2 ± 1.1) and 0.2 to 0.7 (average ± SD = 0.3 ± 0.1), respectively (Figure 2E).



Wind Speed and Direction

Figure 3 shows the three-hourly average wind speed and direction. The average wind speed during the study period was 6 m s-1. A large change was observed in the average wind speed in the Marian Cove during the sampling period, reaching 14.4 m s-1. The overall wind direction was WNW during the sampling period. Meanwhile, an easterly wind prevailed from January 10 and 13, with highest wind speeds (>6 m s-1) (Figures 3A, B). The colored curve in Figure 3C shows the accumulated τx values, there were two strong eastward episodes. The pulses of accumulated τx match well with the wind speed through December 19, 2018 to January 26, 2019 (Figures 3A, C). It exhibits clearly that the overall intensity of the eastward in 2-day is the strongest from 1-day to 5-day (see red curve in Figure 3C). The accumulated intensity of easterly wind in 2-day between January 11 and 13 is the most prominent.




Figure 3 | Time series of (A) wind direction, (B) wind speed and (C) cumulative zonal wind stress during sampling period. In (C), the black line indicates the prescribed climatological wind stress (τx ) for the 1-day. The red, green, yellow, and blue lines are cumulative wind stress forcing for 2-, 3-, 4-, and 5-day, respectively. The circle and square symbols represent the sampling time of January 6 and 12, respectively.





Time Series in Surface-Water Uptake of Total C and N

The total C and N (sum of NO3- and NH4+ uptake) uptake rates (mg C (or N) m-3 h-1) by phytoplankton in the surface water were measured during summer (December–January) (Figures 4, 5), and were 0.3–24.5 mg C m-3 h-1 and 0.06–3.27 mg N m-3 h-1, respectively. The average C and N uptake rates were 6.8 mg C m-3 h-1 (SD = ± 7.9 mg C m-3 h-1) and 1.0 mg N m-3 h-1 (SD = ± 1.1 mg N m-3 h-1), respectively, with the highest rates observed on January 9 and the lowest on January 26 (Figures 4A, 5A). The temporal pattern of N uptake was very similar to that of C uptake and chl-a content (Figures 4A, 5A). Moreover, the specific uptakes (h-1) of total C and NO3- were the highest on January 6, after which they gradually decreased, peaked on January 17, and then steadily decreased until the end of the observation period (Figures 4B, 5C). Relative contributions of the different N compounds to the measured total N uptake varied for on each sampling date (Figure 5D). Compared to total N, proportion of the NO3- uptake fraction was 15.2% at the beginning (in the middle of December) but increased gradually to 64.7% on January 3.




Figure 4 | Hourly (A) carbon and (B) specific uptake rates for total and picophytoplankton, and (C) the relative contribution of size-fractionated phytoplankton each sampling date.






Figure 5 | Hourly rates of (A) nitrogen, (B) nitrate (NO3-) and ammonium (NH4+) uptake, (C) specific nitrate (NO3-) and ammonium (NH4+) uptake, and (D) the relative contribution of different N forms in total phytoplankton, (E) nitrate (NO3-) and ammonium (NH4+) uptake in picophytoplankton, (F) the relative contribution of size-fractionated phytoplankton for different N forms on each sampling date. The blue squares in (A) and triangles in (B, E) represent total chl-a concentration and f-ratio, respectively.




Although both NO3- and NH4+ were taken up by phytoplankton, the C and dominant N sources varied between the growth phases and blooms. During the sampling period, the 31-fold change in biomass was lower than the 84-fold change in total C uptake, and growth acceleration was much faster in this region. Simultaneously, a more substantial (462-fold) change in the total NO3- uptake rate was observed, whereas the total NH4+ uptake (31-fold) was similar to that of the chl-a content. The total and specific C uptake rates were inversely correlated with DIN (NO2-+NO3-+NH4+, p< 0.05, r = -0.595, and r = -0.601, respectively) but positively correlated with phytoplankton biomass (chl-a, p< 0.05, r = 0.973, and r = 0.859, respectively) (Table 1). This suggests that the nutrients were alomost simultaneously used by the Marian Cove phytoplankton.



Relative Contribution of the Picophytoplankton (< 2 µm) Fraction to the Total Productivity

Decrease in the C uptake rate was mainly due to the decline in chl-a values for the total phytoplankton; however, the picophytoplankton fraction showed little variation in chl-a. We found that picophytoplankton productivity remained relatively constant during the sampling period compared to the total uptake, even with nutrient fluctuations (Figure 4A). The average surface C uptake by picophytoplankton was 0.2 mg C m-3 h-1 (SD = ± 0.2 mg C m-3 h-1), the highest being on December 22 (0.7 mg C m-3 h-1), and the lowest (0.02 mg C m-3 h-1) at the end of the observation period. The contribution of picophytoplankton to the total phytoplankton C uptake ranged from a minimum of 0.6% to a maximum of 27.9% on January 9 (Figure 4C). However, the average C uptake by picophytoplankton was up to 8.6% (SD = ± 8.7%) of the total measured C uptake. The specific uptake rate (h-1) of picophytoplankton showed a similar trend to the uptake rate of C, and decreased with decreasing surface C uptake (Figure 4B). A positive relationship was observed between the picophytoplankton C uptake, temperature, and salinity (p< 0.05), while a negative relationship was found between the picophytoplankton relative contribution to total biomass an the total C uptake (Table 1).

NO3- uptake by picophytoplankton in the surface waters varied from<0.01 to up to 0.04 mg N m-3 h-1, with a mean of 0.01 mg N m-3 h-1 (SD = ± 0.01 mg N m-3 h-1) (Figure 5E). The surface NH4+ uptake rates varied from 0.005 to 0.257 mg N m-3 h-1, whereas the NO3- uptake rates showed a relatively narrow range (0.001-0.035 mg N m-3 h-1) (Figure 5E). The NH4+ uptake rate was higher than the NO3- uptake rate in picophytoplankton, suggesting that it preferred NH4+ over NO3- (average NH4+ to NO3- uptake ratio of 9.1). Unlike the C uptake, neither NO3- nor NH4+ uptake showed any trend (data not shown). No statistical relationship was observed between picophytoplankton N productivity and hydrography and/or dissolved inorganic nutrient concentrations (Table 1).




Discussion

We measured the in-situ C and N uptake rates of phytoplankton at a fixed monitoring site during the summer of 2018–2019 using a dual-stable isotope method. The Marian Cove is a semi-enclosed water body that has a tidal, turbid, wind-induced circulation current with high nutrient concentrations, water temperature, and organic matter load (Ahn et al., 1997; Yoo et al., 2003; Jeon et al., 2021). Freshwater discharge from glacier melt is an important control of phytoplankton production, and the accompanying high input of suspended particulate matter (SPM) in the inner Cove changes the optical conditions (Kim et al., 2021). During the study period, SPM concentration did not show any correlation with chl-a, C, or N uptake (p > 0.05, data not shown). However, phytoplankton C and N uptake rates and dominant species may be affected by the form of N supplied, nutrient levels, and wind-driven transport processes, such as glacial outflow in the cove. For the present study, we assumed a negligible influence of tidal forces because all sampling was conducted during flood tides.


Phytoplankton Bloom and the Highly Variable C Uptake in Summer 2018

Relatively high phytoplankton biomass (up to 45 mg m-3 near-shore waters adjacent to Palmer station; Goldman et al., 2014) and productivity have been observed in coastal and shelf areas (Garibotti et al., 2003; Arrigo et al., 2008; Ducklow et al., 2012b; Mendes et al., 2012). Particularly during the summer growing period, the phytoplankton species composition varied seasonally, with species abundance related to changes in environmental conditions based on 15 years of monitoring data (1996–2011) (Jeon et al., 2021). For example, seasonal nutrient depletion reflects diatom-dominated phytoplankton communities in regions where blooms are common, with a significant contribution of diatoms to the total phytoplankton biomass in the WAP (Clarke et al., 2008; Vernet et al., 2008; reviewed in Ducklow et al., 2012a; Höfer et al., 2019, and references therein).

Similarly, we observed massive phytoplankton blooms (chl-a up to 20 mg m-3), which were mainly composed of microphytoplankton (>20 µm) and large diatoms (>40 µm, e.g., Thalassiosira spp.; Supplementary Figure 1). There was a strong relationship between microphytoplankton fraction and the total chl-a concentration (p< 0.05, r = 0.748, n = 13), where microphytoplankton contributed >90% of the total chl-a when the latter exceeded ~14 mg m-3. When the chl-a concentration was<2 mg m-3, nanophytoplankton was occasionally the dominant size class (Figure 2B). This is consistent with Jeon et al. (2021), who reported that centric and pennate diatoms comprised a substantial part of phytoplankton biomass in the Marian Cove, with an ~58% contribution to the total microphytoplankton abundance during summer blooms. Therefore, seasonal blooms result primarily from increases in microphytoplankton and diatoms.We observed similar trends in the C uptake data and chl-a concentrations. During the peak bloom, the C uptake rate was much higher (24.5 mg C m-3 h-1) and the macronutrient concentrations declined considerably, implying a much more active nutrient intake by the phytoplankton. Variability in macronutrient consumption is reflected in the phytoplankton biomass in the Antarctic coastal waters during summer (Clarke et al., 2008; Zhang et al., 2019, and references therein). The dominance of microphytoplankton is consistent with the total primary production, and also positively correlates with the chl-a in various coastal waters (Varela et al., 2002; Marañón et al., 2012; Kim et al., 2021). Previous studies have documented a markedly high chl-a and C uptake rate in the coastal ice-edge zone in Antarctic waters adjoining the Indian Ocean (up to 4.0 mg m-3 and 3.3 mg C m-3 h-1, respectively; Verlencar et al., 1990), Marguerite Bay (>10 mg m-3 and >4.2 mg C m-3 h-1, respectively; Ducklow et al., 2012b), Marian Cove (up to 19.5 mg m-3 and 31.1 mg C m-3 h-1, respectively; Kim et al., 2021), and South Bay (>15 mg m-3 and >50 mg C m-3 h-1, respectively; Höfer et al., 2019). This is consistent with observations from the Antarctic coastal waters, and supports the theory that this is one of the most important global “biological hotspots”. The development of phytoplankton blooms is also an important factor affecting primary production.However, the observed temporal variability (0.3–24.5 mg C m-3 h-1) probably reflects a combination of changes in light availability due to turbidity and water stability (Schloss et al., 2002; Kim et al., 2021), as well as water movement (Höfer et al., 2019). Although various environmental factors affected the C uptake rate, no statistically significant differences were observed in the direct light intensity, SPM, water temperature, and salinity during the sampling period. Low macronutrient contents were observed during the peak bloom, but the N/P ratio remained similar regardless of the growth phase and was unlikely to act as a limiting factor for phytoplankton growth. Earlier studies reported that macronutrient values in the Marian Cove are generally a non-limiting factor for phytoplankton growth (Lee et al., 2015; Jeon et al., 2021), both due to inflow from the Maxwell Bay and the penguin colonies (Pruszak, 1980; N&eogon;dzarek, 2008), where turbulent mixing and wind-driven upwelling cause continuous and abundant nutrient flow into the photic layer. Additionally, lateral iron inputs from glacial meltwaters and terrestrial sources are sufficient to sustain large-scale phytoplankton blooms on the King George Island (Schloss et al., 2014; Kim et al., 2015; Höfer et al., 2019), and phytoplankton growth is not limited, even during intense blooms (Bown et al., 2017).

Nevertheless, the significant reduction in biomass and total C uptake immediately after peak chl-a (on January 12) may have enhanced other phytoplankton losses, such as zooplankton predation and other loss rates (i.e., viral lysis, sinking, and aggregation) (Petrou et al., 2016). Grazing effects, phytoplankton sinking, and mortality rates were not explored in this study. Instead, heterotrophic activity and the physiological status of phytoplankton were estimated based on the NH4+ concentration and specific C uptake by phytoplankton. For example, being its main contributor, zooplankton excretion can boost ambient NH4+ concentrations (Corner and Davies, 1971). Bacterial degradation of organic matter may also result in summertime NH4+ accumulation (Koike et al., 1986). NH4+ and NO3- concentrations in the area showed a rapid increase under lower C uptake on January 12 (Figures 3D and 4A). Simultaneously, the specific C uptake rates by phytoplankton were approximately 1/6 of the peak value (0.03 h-1). These results imply a physiological limitation of phytoplankton growth on January 12, which may have temporarily enhanced nutrient concentrations in the surface water due to less consumption by phytoplankton. This suggests the increased possibility of the influence of external forces (i.e., bottom-up control) rather than biointeractions (i.e., top-down control).



N Uptake Dynamics of Phytoplankton and f-Ratio

Utilisation of inorganic N by phytoplankton was observed to be highly variable in the Marian Cove during summer. The total NO3- uptake was higher than the NH4+ uptake in the bloom phase, while primary production in the system evolved from NO3–-based to NH4+-based at the end of sampling. This evolution is in agreement with earlier studies that reported rise in NH4+ levels during summers, when zooplankton and microbial metabolism provide regenerated N (Clarke et al., 2008; Mosseri et al., 2008). The high ambient NH4+ concentrations in conjunction with increased NH4+ uptake are indicative of an active regeneration process in the Marian Cove and are attributed to the late summer sampling. Thus, we hypothesized that NH4+ uptake occurs in relation to changes in its concentration and phytoplankton species/size composition.

Dependence of the NH4+ concentration on NO3- uptake has been described in previous studies (Dortch, 1990; L’Helguen et al., 2008; Dugdale et al., 2012; Glibert et al., 2016). For example, NH4+ concentrations >1 µM (Dortch, 1990) or over a certain threshold (0.2–100 µM; Varela and Harrison, 1999; Dugdale et al., 2012; Glibert et al., 2016) inhibit NO3- uptake rates. Our data also support that a relatively higher uptake of NH4+ than that of NO3- was observed in the presence of >1 µM NH4+ in ambient waters, which might be influenced by the inhibition of assimilated NO3- by phytoplankton. However, the elevated NH4+ uptake did not enhance the total phytoplankton C uptake or biomass. The observed rapid NO2-+NO3- drawdown and uptake rate of NO3- in January, coupled with increases in chl-a and C uptake, indicate high productivity. These results clearly suggest that NO3- is the preferred growth- and biomass-promoting N source for the studied phytoplankton community. Notably, the NH4+ uptake by phytoplankton was higher despite the high NO3- concentrations. Consequently, inhibition of NO3- uptake by NH4+ (>1 µM) may be one of the factors that led to the low f-ratio (0.08–0.24, Figure 5B) in the total phytoplankton (f-ratio= NO3- uptake/total N uptake (NO3- + NH4+ uptake), Eppley and Peterson, 1979).Another possible cause of the lower f-ratio could be the increasing contribution of the smaller cells (<20 µm). Microphytoplankton levels were higher during relatively high biomass and C and NO3- uptake rates, reaching an f-ratio of up to 0.67 on January 9 (Figure 5B). The NH4+ uptake rates were the highest in the picophytoplankton fraction throughout the sampling period, resulting in an f-ratio<0.5, which decreased to 0.03 at the end of the sampling period (Figure 5E). In picophytoplankton, NH4+ is preferentially assimilated over NO3- because NO3- assimilation is more energy consuming than NH4+ assimilation. Once NO3- is transported into the cell, it must be further reduced to NH4+ before it can be assimilated (Mulholland and Lomas, 2008).More importantly, f-ratio values show that planktonic diatoms (larger cells) are replaced by small phytoplankton in surface water, causing decreased primary production and C export. This is because NO3–-fueled new production at steady state is equivalent to the organic C that can be exported from total production in the euphotic layer (Eppley and Peterson, 1979). In this regard, phytoplankton species shifts toward smaller values could substantially lower C export efficiency as well as primary production (Montes-Hugo et al., 2008; Montes-Hugo et al., 2009; Lee et al., 2015, Mendes et al., 2012; Rozema et al., 2017; Schofield et al., 2017). The undergoing reductions in diatom silica production in response to ocean acidification and shifts toward smaller cells could reduce the vertical fluxes of diatoms and diminish C export efficiency before the end of this century (Petrou et al., 2019). Therefore, in the neritic area of Marian Cove, nutrient utilization in the surface layer during the summer induced variations in phytoplankton size composition in terms of chl-a and C and N uptake, from summer blooms (early January) skewed toward the microsized fraction (>20 μm) undergoing a gradual shift toward the pico sized fraction (<2 μm) through the nanosized fraction (2–20 μm) in late January. This shift in the size of the phytoplankton community probably involved the prevailing wind direction associated with physiological and morphological properties (e.g., nutrient uptake and export rate), as mentioned above.



Role of Wind

Surface wind, meltwater dynamics, and currents, as key drivers of the upper water layer structure, strongly influence nutrient availability and phytoplankton growth (Deppeler and Davidson, 2017). Wind speed and direction may influence the strength and duration of phytoplankton blooms (Schloss et al., 2014; Deppeler and Davidson, 2017, and references therein). High-frequency (HF) wind forcing is important for the residence time of water (Kohut et al., 2018). The major component of HF zonal wind forcing was the so-called easterly wind events, which played a critical role in modulating water movement. Previous, studies on the Marian Cove (Yoo et al., 1999 and Yoo et al., 2015; Jeon et al., 2021) and the adjacent Potter Cove (K1öser et al., 1994) and Admiralty Bay (Nowosielski, 1980) have suggested that the prevailing easterly wind can generate outflow and upwelling near the cove head or deter the flow rate of surface influents from the Maxwell Bay. Pruszak (1980) observed the drift ice movement and reported that, surface water circulation can be controlled with a wind speed of >4 m s-1 in the adjacent Admiralty Bay. There is also a study result that surface water flows out of the Marian Cove within one day when the east wind blows with an average wind speed of over 8 m s-1 (Yoo et al., 1999).

Similarly, in our study, the wind direction changed from west to east, and continued for approximately three days. Additionally, strong winds (>6 m s-1) blew simultaneously, which is believed to have caused low biomass and C and N uptake rates. Although easterly winds occurred on January 6, their speed was low compared to that during January 10–12. In detail, Figure 3C shows the evolution of zonal wind stress during sampling period. As a result of the analysis of cumulative wind stress from Day 1 to Day 5, the wind forcing was higher when 2 days were considered. Overall, negative ∑τx values with low wind speeds led to high chl-a, C, and N uptakes from January 2 to 9. This is because factors, such as outflowing water from the Marian Cove to the Maxwell Bay, also play a role in transporting particulate matter, including algae, near the ice wall and resuspending it (Brandini and Rebello, 1994; Yoo et al., 1999). This surface circulation influenced by the easterly wind can deliver surface water and suspended particles to the Maxwell Bay because the Coriolis effect is not important for a small bay width (~1.5 km for the Marian Cove) (Yoo et al., 2015). Resuspension of sediments and benthic diatoms in the inner Admiralty Bay induced by wind-driven upwelling (<20 m water depth) increases surface turbidity and nutrient concentrations (Brandini and Rebello, 1994); however, the effect of resuspension was not significant in the present study. As the SiO2 concentration was lower than that at peak bloom, benthic diatom species (Cocconeis spp.) accounted for 8.5% of total diatom abundance (Supplementary Figure 1). On January 12, the dominant species were small (<20 µm) Navicula spp. and Fragilariopsis spp., accounting for 72.2% to the total diatom abundance that lives mainly on the ice walls and in low-salinity coastal waters (Kang et al., 1999; Fernandes and Procopiak, 2003; Jeon et al., 2021). More specifically, a change in the structure of the phytoplankton community was observed during the sampling period in microscope-based phytoplankton observation (Supplementary Figure 1). Phytoplankton communities were dominated by bacillariophytes (diatoms), which comprised >60% (up to 96.3%) of the total C biomass over the sampling period. Thalassiosira spp., accounting for 67.7% of total diatom abundance at peak bloom, decreased to 1/4 of its peak bloom value on January 12 (Supplementary Figure 1).Water column stratification and relatively weak wind speed are favorable for initiating seasonal blooms, and the presence of sea ice and glacial meltwaters influences primary production patterns (Saba et al., 2014; Rozema et al., 2017; Höfer et al., 2019; Kim et al., 2021). In this regard, the relatively weak wind speeds observed at the beginning of January seem to enable water column stabilization, favoring an increase in the residence times of cells in the photic layer and providing more light for photosynthesis, allowing high phytoplankton accumulation in the cove.




Conclusions

In this study, we examined the C and N uptake regimes in the Marian Cove during the austral summers of 2018–19 using 13C and 15N dual isotope tracer assays. During phytoplankton blooms, the study area was generally characterized by high f-ratios (>0.5), suggesting that NO3- plays a dominant role in phytoplankton nutrition. Low f-ratios were observed at the end of the sampling period, and microphytoplankton and planktonic diatoms were replaced by nanophytoplankton and sympagic (sea-ice-associated) diatoms, causing decreased primary production and C export. Our results highlight the influence of wind on the changes in C and N uptake regimes and physical–biological coupling in the Marian Cove. Increased regenerated production was not observed as the total phytoplankton biomass increased.

However, we assumed that the bacterial uptake rate was negligible in the present study. It is possible that the N uptake rate of heterotrophic bacteria may contribute to the N uptake rate in the study area. Phytoplankton and bacterial N uptake have been studied in various ecosystems (Bronk et al., 2007). Few records are available for the direct measurements of inorganic N uptake by bacteria in the Southern Ocean. The bacterial NH4+ demand in the coastal waters of the northern Gerlache Strait region of the Antarctic Peninsula during summer is 8~25% (mean 17%) of the total community NH4+ uptake rate (Tupas et al., 1994). Cochlan and Bronk (2001) reported similar mean value of 17% for the potential NH4+ uptake by heterotrophic bacteria in the Ross Sea during summer. The lower f-ratio could reflect more available NH4+ compared to NO3-. However, accurately determining the contributions to bacterial N uptake using the GF/F filter method, as in this study, to distinguish them by size is still challenging. Therefore, further research is needed to clarify the contribution of bacteria to the primary production of the Marian Cove and the trophic linkages between phytoplankton assemblages and associated consumers. More observations with a longer timescale are required to better understand the C and N dynamics in the Sothern Ocean, particularly in coastal waters where rapid changes in glacial retreat and vigorous meteorological conditions take place owing to the effects of climate change.
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The physiological status of phytoplankton, used to determine the quantity and quality of basic food sources in marine ecosystems, can change rapidly due to ambient environmental conditions (e.g., light, temperature, and nutrients). To understand the physiological characteristics of phytoplankton, the phytoplankton community composition, pigment concentration, primary production, and pigment production rate were estimated at 100% and 1% light depths in the Philippine Sea during the summer of 2019. The predominant phytoplankton classes at both light depths were Prochlorococcus and Synechococcus during the study period. Pigment concentrations, except for photoprotective pigment concentrations (i.e., diadinoxanthin and zeaxanthin), were significantly higher (t-test, p<0.05) at 1% light depth to increase the light-harvesting efficiency. The production rates of these pigments had a weak correlation with primary production at 100% light depth, whereas they showed a strong positive relationship at 1% light depth. Moreover, all photosynthetic pigments had a significantly faster turnover rate at 100% light depth compared with 1% light depth to obtain light energy to repair PSII subunits damaged by strong light. This suggests that the phytoplankton community, especially cyanobacteria (Prochlorococcus and Synechococcus), could use light energy absorbed by newly produced photosynthetic pigments for repairing photoinhibition-damaged PSII as well as for production activity. A further study on photosynthetic pigments responding to light conditions must be conducted for a better understanding of the physiological conditions of phytoplankton.




Keywords: photosynthetic pigment, physiological state, primary production, pigment production rate, light harvesting, PSII replacement, Prochlorococcus



Introduction

In marine ecosystems, phytoplankton, as the primary producers, play a key role in supporting upper trophic organisms by providing basic food sources through their photosynthesis. Phytoplankton respond sensitively to ambient environmental conditions, causing variations in their physiological characteristics that determine the quality and quantity of food materials available for upper trophic organisms (Kang et al., 2017; Lee et al., 2020). Among various environmental factors, light, essential for photosynthesis, is one of the important factors that control the physiological status of phytoplankton. Phytoplankton pigments absorb light energy for their photosynthesis, and these pigments perform another physiological function called “photoprotection,” protecting them from strong light and ultraviolet radiation (Ting et al., 2002; Eisner et al., 2003; Descy et al., 2009; Kirk, 2011; Croce and Van Amerongen, 2014). Generally, phytoplankton produce photoprotective pigments to protect their cells during photosynthesis under high light intensity, whereas they accumulate photosynthetic pigments for light-harvesting in low light conditions (Falkowski and Owens, 1980; Moore et al., 1995; Lutz et al., 2003; Roy et al., 2011). Thus, investigating variations in phytoplankton pigments under different light conditions provides useful information on the phytoplankton physiological responses that may be closely related to photosynthesis.

The Philippine Sea is located on the edge of the Northwestern Pacific Ocean and belongs to the east marginal sea of the Philippines. The Philippine Sea is an oligotrophic ocean, which is affected by a Pacific warm pool that is an oligotrophic water mass with a high sea-surface temperature (>29 °C) and low sea-surface salinity (<34.5) (Mackey et al., 1995; Messié and Radenac, 2006; Zhao et al., 2010). The predominant phytoplankton group in warm oligotrophic oceans is mostly pico-cell-sized, less than 2 µm, and mainly comprises Prochlorococcus, Synechococcus, and picoeukaryotes (Zhao et al., 2010). These small phytoplankton groups have distinct vertical distributions within the euphotic layer (Partensky et al., 1996; Hickman et al., 2009; Hickman et al., 2010; Zhao et al., 2010). Synechococcus mainly inhabits near-surface waters, whereas Prochlorococcus and picoeukaryotes are observed throughout the euphotic layer, with maximal biomass near the subsurface (Partensky et al., 1996; Hickman et al., 2009; Hickman et al., 2010; Zhao et al., 2010).

In oligotrophic oceans, including the Philippine Sea, light may be an important factor in determining the vertical distribution of phytoplankton, including Prochlorococcus and Synechococcus, along with the light gradient (Claustre and Marty, 1995; Partensky et al., 1999; Ting et al., 2002; Agustí, 2004). To investigate the influence of light on phytoplankton vertical distributions, the relationships between light gradients and phytoplankton community structures have been examined using various models and field observations (Sathyendranath and Platt, 2007; Hickman et al., 2009; Hickman et al., 2010; Luimstra et al., 2020). According to these previous studies, the photosynthetic pigment composition contributes to determining the phytoplankton community compositions in different light environments (Sathyendranath and Platt, 2007; Hickman et al., 2009; Hickman et al., 2010; Luimstra et al., 2020). Additionally, Ting et al. (2002) described how Prochlorococcus is particularly efficient in absorbing enriched blue light at depth compared with Synechococcus, and this light absorption ability gives Prochlorococcus a competitive advantage under low light conditions. Although nutrients are also an important factor in the survival and competition of phytoplankton, Yun et al. (2020) observed a weak impact of nutrient supplies in mesoscale eddies on phytoplankton community composition in the Philippine Sea. This light adaptation in photosynthetic pigments determines the competitive advantages of each phytoplankton group, and it may contribute to the phytoplankton community structure at different depths in oligotrophic oceans. While our understanding of the relationship between photosynthetic pigments and the community structure of phytoplankton is improving, the correlation between these pigments and photosynthetic activity depending on light conditions remains unclear. However, understanding this correlation is essential in the context of projected warming oceans that would possess significantly stratified water conditions, like the Philippine Sea. In this context, light conditions would be the most important environmental factor controlling the physiological properties of phytoplankton in warm oceans. Therefore, our research question is how the variation in light conditions affects the photosynthetic activity and photophysiological characteristics of phytoplankton. We investigated the phytoplankton community composition, pigment concentration, primary production, and pigment production rate in different light environments in the Philippine Sea during the summer of 2019. The specific objectives of this study are (1) to estimate the phytoplankton community composition, pigment concentration, primary production, and pigment production rate in different light environments; and (2) to investigate the relationships between primary production and pigment production rate to discuss the light adaptation strategies and physiological states of phytoplankton.



Materials and methods


Seawater sampling

Our study was conducted in the Philippine Sea, in the Northwestern Pacific Ocean, during the Korean R/V “ISABU” cruise from 27 August to 16 September 2019. Seawater samples were collected at a total of five stations (Figure 1, Table 1) using a CTD (Conductivity–Temperature–Depth) mounted rosette sampler with 12 L Niskin bottles. Seawater samples for phytoplankton pigments and pigment production rates were collected at two light depths [(100 and 1% of surface PAR (photosynthetically active radiation)]. Temperature and salinity within the euphotic layer depth, defined as the depth with 1% intensity of surface PAR, were measured using CTD at the five stations. Surface PAR for determining the two light depths was measured using a PAR sensor (LI-COR underwater 4π light sensor) connected to a CTD-mounted rosette sampler. The mixed layer depth (MLD) was defined as the depth where the temperature difference from the reference depth was more than 0.2 °C, and the reference depth was 10 m in this study (de Boyer Montégut et al., 2004).




Figure 1 | Sampling locations in the Philippine Sea, Northwestern Pacific Ocean (red circle: production station).




Table 1 | Station information in the study area (Philippine Sea) during 2019.





Phytoplankton pigment analysis

Each seawater sample (4 L) for phytoplankton pigments (hereafter, “pigments”) was filtered through 47 mm GF/F filters (Whatman) under low vacuum (<20 KPa) conditions. The filters were wrapped with aluminum foil and stored at −80 °C in the dark until pretreatment. In the laboratory, the extraction of the filtered pigment samples was conducted using 4 ml of 100% acetone and 100 µl of internal standard (IS, cantaxanthin) at 4 °C overnight. To eliminate floating matter, the extracts were passed through a 0.2 µm syringe filter (Advantec, hydrophobic). Then, 300 µl of distilled water (DW) was added to the filtrates to achieve optimal resolution during pigment analysis. In this study, we analyzed eleven phytoplankton pigments: fucoxanthin (Fuco), peridinin (Peri), 19’-hexanoloxyfucoxanthin (Hex-fuco), 19’-butanoyloxyfucoxanthin (But-fuco), chlorophyll b (Chl b), monovinyl chlorophyll a (MVChl a), divinyl chlorophyll a (DVChl a), diadinoxanthin (Diadino), violaxanthin (Viola), prasinoxanthin (Pras), and zeaxanthin (Zea). The concentrations of all pigments were measured using a high-performance liquid chromatography (HPLC) system (Agilent Infinite 1260, Santa Clara, CA, USA), following the method of Zapata et al. (2000). The biomarker pigments were identified by comparing their retention times with those of eleven standards (DHI Water and Environment, Hørsholm, Denmark).



Phytoplankton community structure

The relative chlorophyll a (Chl a) biomass of eight phytoplankton communities (diatoms, dinoflagellates, prymnesiophytes, chrysophytes, chlorophytes, prasinophytes, Synechococcus, and Prochlorococcus) was estimated using the chemotaxonomy program CHEMTAX, described by Mackey et al. (1996). To separate the eight phytoplankton communities using CHEMTAX, we used initial pigment ratios (the ratios of pigment to MVChl a or DVChl a) in line with that of Miki et al. (2008), who conducted a study on phytoplankton dynamics in the Northwestern Pacific Ocean (Table S2). CHEMTAX analyses were performed separately for samples from 100% and 1% light depths.



Primary production of phytoplankton

To measure the primary production of phytoplankton, we used a carbon stable isotope (13C) tracer technique (Hama et al., 1983). The seawater samples collected at each depth were transferred to 1 L polycarbonate bottles covered with a screen filter (LEE filters; Garneau et al., 2007) to match each light condition. Then, labeled carbon (NaH13CO3, 99%, Cambridge Isotope Laboratories, Inc.) substrate, which corresponded to approximately 10% of the ambient dissolved inorganic carbon concentration (DIC), was added. After inoculating the substrate, one bottle collected from each depth was incubated in an acrylic incubator at a constant temperature maintained by continuously circulating underway seawater on deck under natural light for 4 to 5 h before noon. The incubated water samples were passed through pre-combusted 25 mm GF/F filters (Whatman) and stored at −20 °C until further pretreatment. In the laboratory, the filter samples for primary production were treated with HCl (36.5%–38.0%), fuming overnight to remove inorganic carbon (Hama et al., 1983). The particulate organic carbon (POC) concentrations and isotope abundances of the carbon were measured using the mass spectrometer (Finnigan Delta+XL) at the Stable Isotope Laboratory of the University of Alaska, Fairbanks, USA. The hourly primary production of phytoplankton was determined using an equation reported by Hama et al. (1983).



Pigment production rate


Studies on the pigment labeling method using 14C were conducted more than 20 years ago (Redalje and Laws, 1981; Goericke and Welschmeyer, 1993a; Goericke and Welschmeyer, 1993b), the main purpose being to estimate the phytoplankton growth rate. Goericke and Welschmeyer (1993a; 1993b) emphasized that labeling experiments should last 24 h to resolve the imbalance between the rates of pigment synthesis and cell growth of phytoplankton under a natural photocycle; whereas, Redalje and Laws (1981) determined that a balance between the specific activity of chl a carbon and total phytoplankton carbon appeared in incubations lasting 6 to 12 h based on data from laboratory cultures. However, the main purpose of using the pigment labeling method in this study was not to estimate the growth rate of phytoplankton but to understand the in situ photophysiological characteristics of phytoplankton. According to previous studies, phytoplankton can adjust their cellular pigment pool within a few hours in response to fluctuations in the light environment (Hitchcock, 1977; Redalje and Laws, 1981; Roy et al., 2011). The 13C-labeling method is widely used to estimate various physiological aspects of in situ phytoplankton (Hama et al., 1983; Ha et al., 2014; Min et al., 2019; Kang et al., 2021). Thus, a modified labeling method using 13C, with a relatively short incubation time (4–5 h), was adopted in this study.

For onboard incubation (4–5 h), labeled carbon (NaH13CO3) substrate was added to each seawater sample in 9 L polycarbonate bottles. Onboard incubation was performed using an acrylic incubator under natural light. After incubation, the samples were filtered through pre-combusted 47 mm GF/F filters (Whatman) and kept at −80°C in the dark until further pretreatment.

In the home laboratory, to extract the biomarker pigments, 100% acetone (4 ml) and IS (100 µl), as used for HPLC pigment analysis (section Phytoplankton pigment analysis), were added to the filter samples and stored at 4 °C in the dark overnight. The extracted biomarker pigments were purified using a 0.2 µm syringe filter (Advantec-hydrophobic). To obtain a detectable carbon isotope abundance when using the mass spectrometer (Finnigan Delta+XL), the pigments were analyzed using a 500 µl injection volume. The pigments were then collected separately based on their retention times from HPLC pigment analysis (section Phytoplankton pigment analysis) using a fraction collector (Agilent-G1364C, Santa Clara, CA, USA) connected to the HPLC system (Agilent Infinite 1260). These fraction processes were repeated three to four times for all pigments. The fractionated pigments were dried using nitrogen gas to remove the solvent, and their abundance of carbon was determined using the mass spectrometer (Finnigan Delta+XL) at the Stable Isotope Laboratory of the University of Alaska, Fairbanks, USA. The pigment production rate was calculated using an equation reported by Ha et al. (2014); Kang et al. (2021):

 

where ΔPPR is the amount of each carbon pigment photosynthetically produced during incubation, ais is the percentage of 13C atoms in each pigment compound of the incubated sample, ans is the percentage of 13C atoms in each pigment compound of the natural sample, aic is the percentage of 13C atoms in the 13C enriched inorganic carbon, and CCP is the carbon concentration of each pigment at the end of incubation.

To determine the relationship between the light conditions and the production rate for each pigment, excluding pigment concentration (i.e., phytoplankton biomass), the turnover rate of each pigment was calculated thus:

	



Statistical analysis

A Student’s t-test was performed to validate significant differences in the variables of phytoplankton physiological status (phytoplankton community structure, pigment concentration, ratio of pigment to carbon biomass, primary production, and pigment production rate) between 100% and 1% light depth. A Pearson’s correlation coefficient analysis was conducted to determine the relationship among the variables. These statistical analyses were carried out using SPSS 12.0 for Windows.




Results


Physical characteristics

For all stations, the MLD was 34–53 m (mean ± S. D. = 43.4 ± 6.9 m) (Figure 2, Table 1). The MLD at St. T05n was the lowest whereas it was deepest at St. T03. The euphotic layer depth going from 100% to 1% light depth was 56–130 m (94.2 ± 32.8 m) in this study. The euphotic layer depths (<70 m) at St. T08n and St. T03 were shallower than those at other stations. The MLD was shallower than the euphotic layer depth at all stations, which equated to non-mixing of water masses between 100% and 1% light depth during the study period. The temperatures were 28.97–29.85 °C (29.31 ± 0.36 °C) at 100% light depth and 21.15–26.60 °C (24.29 ± 2.10 °C) at 1% light depth during the study period. The temperatures at 1% light depth were higher at St. T08n and St. T03 than at the other stations. In comparison with temperature, salinity did not vary over a large range. The salinity ranged from 34.28 to 34.51 at 100% light depth and 34.73 to 34.99 at 1% light depth. The average salinity (34.44 ± 0.09) at 100% light depth was slightly lower than that (34.91 ± 0.11) at 1% light depth in this study.




Figure 2 | The profiles of salinity and temperature in the Philippines Sea, Northwestern Pacific Ocean. Red and green dash lines represent the average depths of mixed (MLD) and euphotic (ELD) layer, respectively.





Phytoplankton community structure

The phytoplankton community structure obtained from CHEMTAX analysis is shown in Figure 3. At all stations, the average contribution of Prochlorococcus to the total phytoplankton biomass at both light depths was highest (42.3 ± 9.2%), followed by Synechococcus (25.8 ± 17.9%), and then the other groups (below 10%). Prochlorococcus was predominant at both light depths, with an average contribution to the total phytoplankton biomass of 40.0% (S. D. = ± 10.9%) and 44.4% (S. D. = ± 7.8%) at 100% light depth and 1% light depth, respectively (Figure 3). The contribution of Synechococcus was 23.2%–39.6% and 3.1%–43.9% at 100% light depth and 1% light depth, respectively. The average contribution of Synechococcus to the total phytoplankton biomass decreased from 100% light depth (34.5 ± 6.5%) to 1% light depth (17.1 ± 22.1%). Compared to Synechococcus, chlorophytes had a high average contribution (16.7 ± 15.6%) to the total phytoplankton biomass at 1% light depth compared to that (2.2 ± 2.01%) at 100% light depth. Meanwhile, the average contribution of chrysophytes was 13.1% (± 6.1%) and 7.7% (± 5.4%) at 100% light depth and 1% light depth, respectively. Other phytoplankton groups had slight differences in biomass contribution between the two light depths.




Figure 3 | Average contributions of phytoplankton communities to total phytoplankton biomass between the two light depths.





Pigment concentration and the ratio of pigment to carbon biomass

In this study, Peri, Viola, and Pras were not detected between 100% and 1% light depth. Except for Zea and Diadino, the other pigments were significantly higher (t-test, p<0.05) at 1% light depth than at 100% light depth (Table 2). On average, the detected pigment concentrations ranged from 0.002–0.038 mg m−3 at 100% light depth, and Zea, MVChl a, and DVChl a showed the highest concentrations among these pigments. At 1% light depth, the average concentration of these pigments was 0.003–0.121 mg m−3, and Chl b had the highest concentration (0.121 ± 0.100 mg m−3) among the pigments. Furthermore, the average concentration of Chl b changed significantly (t-test, p<0.05) between the two light depths (100% and 1%), the largest such change among the pigments. Similar to the case for the average pigment concentration, the average ratio of pigment to carbon biomass was significantly (t-test, p<0.05) higher at 1% light depth than at 100% light depth (Table S3). The average value of all the ratios changed more than three times between the two light depths. In particular, But-fuco and Chl b had the highest average ratio changes among the pigments.


Table 2 | Pigment concentrations, primary productions, pigment production rates, and pigment turnover rates between the 100% and 1% light depths in the Philippines Sea, Northwestern Pacific Ocean.





Primary production and pigment production rates

The magnitude of phytoplankton primary production varied between 100% and 1% light depth (Table 2). At 100% light depth, the primary production was 0.045–0.231 mg C m−3 h−1 (0.170 ± 0.074 mg C m−3 h−1). On the other hand, the primary production at 1% light depth was 0.002–0.071 mg C m−3 h−1 (0.027 ± 0.0027 mg C m−3 h−1), which was significantly lower (t-test, p<0.05) than that at 100% light depth. Meanwhile, the production rate of the photosynthetic pigments showed a different vertical distribution for each pigment (Figure 4). On average, the production rate of Chl b was 0.96–5.31 ng C m−3 h−1 (2.41 ± 1.72 ng C m−3 h−1) at 100% light depth and 0.67–29.75 ng C m−3 h−1 (12.67 ± 12.56 ng C m−3 h−1) at 1% light depth. The average production rate of DVChl a was 3.95 ng C m−3 h−1 (± 2.58 ng C m−3 h−1) at 100% light depth and 8.88 ng C m−3 h−1 (± 5.29 ng C m−3 h−1) at 1% light depth. The Chl b and DVChl a production rates were higher at 1% light depth than at 100% light depth, but these differences were not statistically significant (t-test, p >0.05). Compared to these two pigments, the average production rate of MVChl a was slightly higher at 100% light depth than at 1% light depth (Figure 4), with a vertical distribution similar to that of primary production. The MVChl a production rate was 2.69–24.66 ng C m−3 h−1 (9.53 ± 9.14 ng C m−3 h−1) and 0.13–20.02 ng C m−3 h−1 (7.20 ± 8.67 ng C m−3 h−1) at 100% light depth and 1% light depth, respectively. However, the difference in average MVChl a production rate between the two light depths was not significantly different (t-test, p >0.05).




Figure 4 | The production rates of (A) Chl b, (B) MVChl a and (C) DVChl a between the two light depths. Yellow and gray boxes represent 100 % and 1 % light depths, respectively. The abbreviations of pigment are shown in Table 2.



Unlike the distinct vertical distributions of each pigment production rate, the turnover rate of three photosynthetic pigments (Chl b, DVChl a, and MVChl a) was significantly higher at 100% light depth than at 1% light depth (Table 2). The turnover rate of Chl b ranged from 0.00018 to 0.00048 h−1 (0.00031 ± 0.00014 h−1) at 100% light depth and 0.00005 to 0.00022 h−1 (0.00014 ± 0.00009 h−1) at 1% light depth. In comparison, the turnover rate of MVChl a ranged from 0.00025 to 0.00054 h−1 (0.00040 ± 0.00013 h−1) at 100% light depth and 0.00000 to 0.00024 h−1 (0.00010 ± 0.00010 h−1) at 1% light depth. The DVChl a turnover rate was 0.00012–0.00024 h−1 (0.00028 ± 0.00012 h−1) and 0.00007–0.00020 h−1 (0.00013 ± 0.00006 h−1) at 100% light depth and 1% light depth, respectively. Among these pigments, MVChl a had the largest difference (>4-fold) in the turnover rate between the different light depths.

The relationship between primary production and photosynthetic pigment production varied with light depth (Figure 5). At 100% light depth, the production rate of Chl b, MVChl a, and DVChl a had a weak correlation (r2 = 0.3697, 0.0184, and 0.002 for Chl b, MVChl a, and DVChl a, respectively) with primary production. On the other hand, the production rate of these pigments had a positive correlation (r2 = 0.8415, 0.9604, and 0.4221 for Chl b, MVChl a, and DVChl a, respectively) with primary production at 1% light depth. In particular, the Chl b and MVChl a production rates had significant relationships (Pearson correlation, p<0.05) with primary production compared with the DVChl a production rate.




Figure 5 | The relationships between photosynthetic pigment production rates (A) Chl b; (B) MVChl a; (C) DVChl a and primary production at the different light depths. Yellow and gray dots represent 100 % and 1 % light depths, respectively.






Discussion


Vertical distribution characteristics of phytoplankton community

During the research period, strong stratification existed within the euphotic layer in the Philippine Sea, Northwestern Pacific Ocean (Figure 2). This suppressed vertical mixing between 100% and 1% light depth, causing phytoplankton at each depth to be constantly exposed to light. This affected the phytoplankton physiological characteristics (i.e., the phytoplankton community, pigment concentration, primary production, and pigment production rate). Thus, we focused on the two light depths (100% and 1% light depth) to determine the effects of different light levels on phytoplankton physiological characteristics.

For each light depth, we observed different vertical distributions of Prochlorococcus, Synechococcus, and chlorophytes. On average, Prochlorococcus was predominant at both light depths, whereas Synechococcus showed a relatively higher contribution at the surface layer compared to 1% light depth and chlorophytes showed the opposite trend to Synechococcus (Figure 3). These vertical distributions have also been observed in other oligotrophic regions (Claustre and Marty, 1995; Veldhuis et al., 2005; Zhao et al., 2010). Zhao et al. (2010) reported that Prochlorococcus and Synechococcus had different abundances between the two light depths in the Philippine Sea, western North Pacific. Their results showed that Synechococcus mainly existed at 100% light depth, whereas Prochlorococcus was predominant at 1% light depth. At each light depth, the change in group abundance was associated with phytoplankton adaptation ability resulting from a pigment composition response to light environments (Figure 3, Falkowski and Owens, 1980; Claustre and Marty, 1995). Prochlorococcus and chlorophytes have Chl b,which is well known for its high efficiency in light absorption, with blue light penetrating to 200 m (Table S1, Claustre and Marty, 1995; Ting et al., 2002). This pigment allows Prochlorococcus and chlorophytes to efficiently harvest light energy in deep water columns where blue light is enriched; thus they can adapt well to surface layers and to deep layers (Morel et al., 1993: Claustre and Marty, 1995; Ting et al., 2002). In contrast to Prochlorococcus and chlorophytes, Synechococcus has a pigment capable of absorbing green light, meaning it predominates in near-surface waters (i.e., above 30 m) (Ting et al., 2002). Additionally, Synechococcus has light-harvesting phycobiliproteins, such as phycocyanin and phycoerythrin, with an absorption maximum at 590–670 nm (yellow-red light) and 535–600 nm (green-yellow light), respectively (Grossman et al., 1993; Ruan et al., 2018). Hence, Synechococcus is more suited to 100% light depth than 1% light depth.



Vertical distribution characteristics of primary production and pigment production

In addition to the phytoplankton community, pigment concentration and primary production also showed distinct vertical distributions between the two light depths (Table 2). Except for photoprotective pigments, the average concentration of photosynthetic pigments was significantly higher (t-test, p<0.05) at 1% light depth than at 100% light depth. In contrast, the average carbon biomass of phytoplankton was observed to be significantly higher (t-test, p<0.05) at 100% light depth than at 1% light depth. These results suggest that phytoplankton have distinct photophysiological states in different light environments. Falkowski and Owens (1980); Lutz et al. (2003), and Shibata et al. (2010) reported that phytoplankton adjust their pigment concentration depending on light conditions. Under low light conditions, phytoplankton increase their cellular photosynthetic pigment content to harvest light energy (Falkowski and Owens, 1980; Prezelin and Matlick, 1980; Richardson et al., 1983; Ramus, 1990; Falkowski and Raven, 2013), and this physiological response leads to an increase in pigment to carbon biomass ratio (Pig/C ratio) (Colijn et al., 1990; Veldhuis and Kraay, 1990; Moore et al., 1995; Lutz et al., 2003; Roy et al., 2011). Our results on Pig/C ratios are similar, depending on light conditions (Table S1). In addition, Chl b, DVChl a, and MVChl a were major photosynthetic pigments in the predominant phytoplankton groups (Prochlorococcus, Synechococcus, and chlorophytes) in this study; thus, the Pig/C ratios of these pigments can indicate their photophysiological states. Based on previous studies and our results, it can be inferred that the three major groups in the Philippine Sea increased their Pig/C ratios to harvest light energy under low light conditions. The average primary production was more than six times higher (t-test, p<0.01) at 100% light depth than at 1% light depth (Table 2). This large difference in primary production may be associated with environmental conditions such as light intensity and nutrients (Pabi et al., 2008; Tremblay et al., 2015; Lee et al., 2019; Zheng et al., 2021). Prior to this study, Yun et al. (2020) observed that picophytoplankton, the presence of which indicates a nutrient-deficient state, were the predominant phytoplankton groups despite the occurrence of mesoscale eddies supplying nutrients to the euphotic layer in the Philippine Sea. Our results on the phytoplankton community also indicated that picophytoplankton, containing Prochlorococcus and Synechococcus, was a major phytoplankton group in the Philippine Sea, suggesting that nutrients were limited at both light depths. Indeed, Pai and Chen (1994) did not detect significant concentrations of major nutrients (phosphate and nitrate) above the thermocline (approximately 250 m) at similar stations in the Philippine Sea. Moreover, Wong et al. (1995) reported that the Philippine Sea has characteristics of oligotrophic water, nearly devoid of nutrients at the top 200 m of the water column. Therefore, primary production between the two light depths is regulated by light intensity rather than nutrient conditions in the Philippine Sea during this research period.

Based on our results, light intensity seems to play a key role in determining the phytoplankton community, photosynthetic pigment concentration, and primary production. However, it remains unclear how phytoplankton produce their pigments for light energy absorption under different light conditions. We estimated the production rates for several major photosynthetic pigments in predominant phytoplankton groups at both light depths and investigated the relationships between pigment production rates and primary production. For each light depth, Chl b and DVChl a had high production rates at 1% light depth, whereas the MVChl a production rate was high at 100% light depth (Figure 4). Concerning the relationships between photosynthetic pigment production rate and primary production, we observed positive correlations only for 1% light depth (Figure 5). The fact that, generally, the pigment concentration increases under low light conditions is well recognized as a physiological response of phytoplankton used to harvest light energy (Falkowski and Owens, 1980; Colijn et al., 1990; Veldhuis and Kraay, 1990; Moore et al., 1995; Lutz et al., 2003; Shibata et al., 2010; Roy et al., 2011; Falkowski and Raven, 2013). Additionally, Colijn et al. (1990) reported a positive linear correlation (r2 = 0.81) between MVChl a and primary production within the euphotic layer in the German Bight. Liu X et al. (2019) observed that surface MVChl a concentrations had a significantly positive correlation (Spearman, r = 0.41, p<0.01) with integrated primary production in the East China Sea. These previous results imply that photosynthetic pigments may be involved in the production activity of phytoplankton via light energy absorption. In this regard, a relatively high MVChl a production rate at 100% light depth differs from the common physiological response of phytoplankton to light conditions. Moreover, the weak correlation between photosynthetic pigment production rate and primary production in this study suggests that phytoplankton do not utilize the light energy absorbed through photosynthetic pigments for primary production only (Figures 4, 5). During photosynthesis, under high light conditions, excess light energy absorbed by chlorophylls generates reactive oxygen species (ROS), resulting in damaged photosystem II (PSII), which is well known as photoinhibition (Liu J et al., 2019). Phytoplankton have mechanisms to protect their PSII from photoinhibition. The most important mechanism involves an increase in intracellular photoprotective pigment content (Siefermann-Harms, 1985; Roy et al., 2011; Falkowski and Raven, 2013). In general, phytoplankton exposed to high irradiance have a relatively high concentration of carotenoids, such as β-carotene and zeaxanthin, which do not transmit excitation energy to the reaction center of PSII, thus protecting the cell from excess light (Siefermann-Harms, 1985; Roy et al., 2011; Falkowski and Raven, 2013). Indeed, the concentration of zeaxanthin, the photoprotective pigment of the major phytoplankton groups (Prochlorococcus and Synechococcus), was similar between the surface layer and 1% light depth, unlike other pigments during the study period (Table 2), and the turnover rate of zeaxanthin in the surface layer (0.00009 h−1) was higher than that at 1% irradiance (0.00003 h−1) (Table 2). These results indicate the possibility that phytoplankton at 100% light depth may have been affected by photoinhibition during the study period. Another mechanism for photoinhibition is a replacement system that repairs the damaged PSII of phytoplankton (Figure S1, Komenda, 2000; Li et al., 2018; Liu J et al., 2019). Li et al. (2018) reviewed PSII photodamage mechanisms and showed that the turnover rate of PSII subunits, consisting of chlorophylls and proteins, increased above 0.02 h−1 under high light conditions (Komenda, 2000; Li et al., 2018; Komenda and Sobotka, 2019; Liu J et al., 2019). Our results on the pigment turnover rate were similar to those of previous studies. During this study period, the surface phytoplankton might have been exposed to high light intensity due to the strong stratification within the euphotic layer (Figure 2). As a result, all photosynthetic pigment turnover rates were significantly higher (t-test, p<0.05) at 100% light depth than at 1% light depth. This implies that phytoplankton quickly produce the photosynthetic pigments needed to acquire additional energy for the restoration of photodamaged PSII subunits under high light intensity (Table 2). In particular, the turnover rate of surface MVChl a was more than four times higher compared to the 1% light depth. This large difference may result in a relatively high MVChl a production rate at 100% light depth (Figure 4). Therefore, phytoplankton might utilize light energy absorbed by newly produced photosynthetic pigments not only for production activity but also for PSII subunit repair under high light intensity.

The production rates of Chl b and MVChl a had strong positive correlations (r2 = 0.8415 and r2 = 0.9604, respectively) with primary production at 1% light depth (Figure 5). These results indicate that Prochlorococcus and chlorophytes produce Chl b and MVChl a for harvesting light energy under low light conditions—this is in accordance with the general physiological response of phytoplankton to light intensity (Colijn et al., 1990; Lutz et al., 2003; Shibata et al., 2010; Roy et al., 2011; Liu X et al., 2019). Unlike Chl b and MVChl a, DVChl a production rates did not have a significant correlation (r2 = 0.4221, p >0.05) with primary production, which may be because of the physiological characteristics of Prochlorococcus containing DVChl a. Prochlorococcus increases Chl b content over DVChl a for light absorption efficiency in low light conditions, and this photophysiological response creates a high ratio of Chl b to DVChl a (Claustre and Marty, 1995; Moore et al., 1995; Ting et al., 2002; Fujiki et al., 2013). Our CHEMTAX result also showed that Prochlorococcus had a high Chl b to DVChl a ratio (1.21) at 1% light depth, indicating that this group changed their pigment composition for light-harvesting under low light intensity (Table S2). In this regard, Prochlorococcus might have used Chl b as a more important photosynthetic pigment than DVChl a during this research period. This light-harvesting strategy could contribute to the relatively weak correlation between the DVChl a production rate and primary production (Figure 5).




Summary and conclusions

In the Philippine Sea, phytoplankton had different relative abundances, pigment concentrations, and primary production between two light depths (100% and 1% light depths). This indicated that light intensity played a key role in determining phytoplankton physiological characteristics. For the different light depths, phytoplankton community composition may have been associated with the varying adaptability of phytoplankton to various light conditions. Except for photoprotective pigments, the photosynthetic pigment concentration was significantly higher at 1% light depth than at 100% light depth. These vertical distributions represent the physiological response of phytoplankton to increase their light-harvesting efficiency. Primary production showed different vertical distributions of photosynthetic pigment concentration between the two light depths. This indicated that light intensity was an important factor in controlling primary production during this research period. In addition to the photosynthetic pigment concentration and the primary production, pigment production rates also had different vertical distribution with light depths. The Chl b and DVChl a production rates were relatively high at 1% light depth, whereas the MVChl a production rate was slightly high at 100% light depth. In addition, we observed significantly fast turnover rates for Chl b, MVChl a, and DVChl a at 100% light depth. These results suggest that phytoplankton would have utilized the light energy absorbed by newly produced photosynthetic pigments not only for production activity but also for the repair of photodamaged PSII subunits under high light intensity. This replacement mechanism could cause a weak correlation between the pigment production rates with the primary production. In other words, optimal photosynthetic activity (i.e., primary production) was not performed by the phytoplankton community at 100% light depth during this research period, especially by cyanobacteria (Prochlorococcus and Synechococcus), which were the predominant phytoplankton classes. Indeed, the negative effect of strong light and warm water on the primary production of cyanobacteria has been previously reported (Kehoe et al., 2015). This suggests that the influence of light conditions on phytoplankton, which is a fundamental marine food source, must be considered to understand variation in marine ecosystems in warming ocean scenarios—such scenarios are expected to expose phytoplankton to high light intensity and warm water temperature conditions. Therefore, our results provide a benchmark for studying the photosynthetic activity of phytoplankton associated with their photosynthetic pigments and dependent on changing light conditions.
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Vertical distributions of phytoplankton in the Arctic Ocean are characterized by a very narrow subsurface chlorophyll maximum (SCM) layer formed every summer after the sea ice retreats. Despite the prevalence of this narrow SCM layer, phytoplankton photosynthetic response to climate change remains to be elucidated. Here, we examined the photophysiological properties of phytoplankton in the SCM layer in the northern Chukchi Sea during the summers of 2015–2018. There was a significant difference in the SCM depth between the northwestern and northeastern Chukchi Sea determined by the distribution of Pacific Summer Water (PSW) around the SCM layer (34 ± 14 m vs. 49 ± 10 m, respectively). The maximum quantum yield of photochemistry in photosystem II (Fv/Fm) in the SCM phytoplankton was high (Fv/Fm ≥ 0.54) and similar in both regions until 2016; however, since then, Fv/Fm in the northeastern Chukchi Sea has decreased by approximately 10%. This decrease was accompanied by a marked decrease in the fraction of microplankton, which are known to be susceptible to nutrient limitation. This result suggests a reduction in nitrogen availability in the SCM layer in the northeastern Chukchi Sea. Meanwhile, the maximum electron transfer rate (ETRmax) did not have a significant relationship with the nitrogen availability and phytoplankton community size structure in the SCM layer; however the improved light conditions (with an approximately two-fold increase in the relative ratio of surface PAR reaching the SCM layer) increased ETRmax by up to 30% in the SCM phytoplankton in the northwestern Chukchi Sea. Therefore, these results provide a better understanding of how changes in nitrogen and light availability could affect phytoplankton photosynthesis and primary production in the Arctic Ocean.
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Introduction

Phytoplankton in the Arctic Ocean have been exposed to rapid changes in the marine environment, including sea ice reduction and warming (Wassmann et al., 2011; Tremblay et al., 2012). Observations in the Arctic Ocean showed that surface water temperature continued to rise from 1982 to 2018 (Carvalho and Wang, 2020), and the Arctic warming resulted in a drastic decline in sea ice (Comiso et al., 2017). For instance, the sea ice extent in September decreased by approximately 40% from 1981 to 2010 (Serreze and Stroeve, 2015). This reduction in sea ice led to an increase in fresh water content, which strengthened the stratification of the upper water column (Stroeve et al., 2007; Wang et al., 2019). The early retreat and thinning of sea ice allowed early light to penetrate into the water column, thus leading to the early development of spring phytoplankton bloom or developing massive under-ice phytoplankton bloom, which would have consumed nutrients in the surface layer (Wassmann et al., 2011; Arrigo et al., 2012). In addition, fall blooms have begun to be observed in the Arctic Ocean, and changes have occurred in the seasonal dynamics of phytoplankton (Ardyna et al., 2014; Ardyna and Arrigo, 2020). Changes in the marine environments due to climate change have been linked to nutrient availability and light conditions, which are a major factors affecting phytoplankton growth, community composition, and primary production in the Arctic Ocean (Lewis et al., 2020; Sugie et al., 2020; Song et al., 2021). However, only a few studies have comprehensively investigated how variations in these major factors affect the photosynthetic properties of phytoplankton estimated by variable fluorescence in the Arctic Ocean.

Recent studies on the variability of primary production have mainly been conducted based on ocean color data in the Arctic Ocean (Arrigo et al., 2008; Lewis et al., 2020). Satellite data is a powerful technology for remote and inaccessible marine environments, such as the Arctic Ocean; however, it does not include information on the vertical distribution of phytoplankton (Hill and Cota, 2005; Martin et al., 2010). It is well known that a distinct subsurface chlorophyll maximum (SCM) forms in the Arctic Ocean during the summer months (Martin et al., 2010). Arrigo and van Dijken (2011) have reported that the primary production in the SCM layer accounts for 0.2 to 16% of the annual primary production in the Arctic Ocean. In contrast, it has also been reported that by ignoring the presence of an SCM layer, integrated primary production can be underestimated by as much as 40–75% in the summer months (Hill et al., 2013), with potentially greater errors occurring in daily estimates when sharp SCM peaks are situated within the photic zone (Bouman et al., 2020). Therefore, in order to understand the changes in primary productivity in the Arctic Ocean, the growth conditions and the photosynthetic properties of phytoplankton at the SCM should be investigated.

Changes in the photosynthetic response of phytoplankton to environmental conditions are essential for determining phytoplankton growth and primary production. In a previous study, we investigated phytoplankton photosynthetic properties in the surface layer of the Arctic Ocean and revealed that severe nitrogen limitation leads to decrease in the photosynthetic rates and growth rates with the reduction in the fraction of microphytoplankton (e.g. > 20 μm) communities (Ko et al., 2020). Although phytoplankton in the SCM layer are generally known to have a relatively higher light-harvesting capability, photosynthetic efficiency, and growth rate than the surface phytoplankton (Coupel et al., 2012; Palmer et al., 2013), data on their photosynthetic response to environmental variation around the SCM layer are limited. Recently, the nutrient supply to the surface layer was confirmed to be influenced by the Atlantic-origin water in the northwestern Chukchi Sea, and this change affected the SCM depth and phytoplankton biomass (Jung et al., 2021). The SCM layer is usually formed below the pycnocline and is controlled by the vertical distribution of nitrogen, and thus Change in water column structure has affected the nutrient supply and environmental variables, which, in turn, affected phytoplankton photosynthesis in the SCM layer (Martin et al., 2010; Baldry et al., 2020). Therefore, we compared data by region to understand how changes in environmental variables (e.g. nitrogen availability and light conditions) affect the photophysiological properties of phytoplankton in the SCM layer.

The photosynthetic properties of the phytoplankton were identified using variable chlorophyll-a fluorescence. This method is useful for elucidating the spatial distribution of the photophysiological properties of phytoplankton because it is non-destructive, sensitive, and rapid for sampling in an extensive hydrographic region at higher spatial resolution than conventional 14C experiments (Behrenfeld and Kolber, 1999; Moore et al., 2008). High-resolution data of variable fluorescence are evaluated to have the potential to reveal large-scale patterns and trends in photosynthetic rate and primary production (Schuback et al., 2021). In particular, the photochemical efficiency of photosystem II (PSII) in phytoplankton cells has been used to diagnose nutrient limitations in the ocean, including coastal areas, ocean gyres, upwelling systems, and polar regions (Kolber et al., 1994; Cheah et al., 2013; Park et al., 2017). In addition, the maximum electron transfer rate (ETRmax) has been should be more useful for evaluating nitrogen limitation because it is more sensitive to nitrogen stress than photochemical efficiency alone (Gorbunov and Falkowski, 2020; Ko et al., 2020). Thus, the photophysiological properties derived using this method are suitable for investigating phytoplankton photosynthesis in relation to environmental conditions, such as nutrient limitation and photoacclimation.

The objectives of this work were to (1) examine the spatial distribution of the photophysiological properties of phytoplankton at the SCM depth in the northern Chukchi Sea and (2) investigate the response of the photophysiological properties in relation to the changes in nutrient availability and light conditions at the SCM depth. In addition, we analyzed photosynthetic parameters derived from the electron transfer rate versus irradiance (ETR-E) curve. To achieve these goals, we analyzed the phytoplankton photophysiology in the SCM layer through field surveys in the Chukchi Sea from 2015 to 2018. This study identified the effect of nitrogen availability and light conditions on biomass, community size fraction, and photophysiological properties of phytoplankton in the SCM layer of the Chukchi Sea.



Materials and methods


Water sampling and study area

Water samples were collected onboard the Korean icebreaker R/V Araon every August, from 2015 to 2018, in the northern Chukchi Sea (Figure 1). Water samples were obtained from 5 to 6 depths ranging from the surface to 100 m using 10L Niskin bottles mounted on a conductivity, temperature, and depth rosette system (CTD; SBE 911 plus). In detail, the two samples were collected in the mixed layer including the surface layer, and 3–4 samples were collected from the SCM depth and the upper and lower layers based on the SCM depth. Fluorescence and photosynthetically active radiation (PAR) profiles were obtained from chlorophyll fluorescence (ECO FL, WET Labs) and PAR sensor (SBE PAR sensor) mounted on the CTD frame. Temperature and salinity profiles were used to calculate the stratification index (Δσt), freshwater content (FWC) and mixed layer depth (MLD). Δσt was calculated as the difference in density between the surface layer and 100 m (Codispoti et al., 2005), and MLD was determined as the depth at which the difference in density of 0.05 kg m−3 from the surface layer (Coupel et al., 2015). The salinity profile was used to quantify the amount of freshwater in the upper layer as described by Coupel et al. (2015). The FWC was calculated by integrating the ratio of the reference salinity (34.8, Aagaard and Carmack, 1989) to the salinity profile and the detailed method was described by Ko et al. (2020). After estimating the vertical attenuation coefficient obtained from the slope of the regression of the natural log-transformed PAR profile, the euphotic depth was estimated as the depth at which the PAR was 1% of the surface values (Kirk, 1994). The ratio of PAR at the SCM depth to the surface PAR (PAR_ratio) was calculated from the PAR profile for each station. Daily sea ice concentrations were obtained from the National Snow and Ice Data Center (https://nsidc.org/). The sea ice concentration for each station was calculated by averaging the pixels around the stations. The upper layer (~ 150 m) of the western Arctic is mainly composed of Pacific-origin water and is classified into two types based on the seasonal modification: Pacific Summer Water (PSW; T > −1°C, 31 ≤ S ≤ 32 psu) and Pacific Winter Water (PWW; T< −1°C, S > 31.5 psu) (Gong and Pickart, 2015). Considering that the structure of the water column around the SCM layer is related to environmental factors, the study area was divided into two regions based on the distribution of PSW within 100 m depth. The PSW was mainly distributed in the eastern side of the northern Chukchi Sea, and it was named the northeastern Chukchi Sea (NEC). Conversely, the western side of the northern Chukchi Sea, where the PSW did not appear was expressed as the northwestern Chukchi Sea (NWC). A total of 84 stations were investigated over 4 years (2015 to 2018), with 40 stations in the NEC region and the remaining 44 stations in the NWC region (Table 1).




Figure 1 | Maps of oceanographic stations in the northern Chukchi Sea. (A) 5–20 August, 2015; (B) 9–19 August, 2016; (C) 10–25 August, 2017; (D) 7–24 August, 2018. The study area was classified based on the distribution of Pacific Summer Water (PSW, T > −1°C, 31 ≤ S ≤ 32 psu) within 100 m of water depth. The blue square represents the northwestern Chukchi Sea (NWC) without PSW and the red circles represents the northeastern Chukchi Sea (NEC) with PSW, respectively. The empty circles represent the stations of the electron transfer rate versus irradiance curve.




Table 1 | Regional environmental variables at the subsurface chlorophyll maximum (SCM) in the northwestern Chukchi Sea (NWC) and northeastern Chukchi Sea (NEC). Temperature (T; °C); Salinity (S; psu); Stratification index (Δσt, kg m-3); Euphotic depth (Zeu; m); Mixed layer depth (MLD; m), Fresh water content (FWC; m), Stratification index (Δσt; kg m−3); nitrite + nitrate (NO2+NO3; μM); phosphate (PO4; μM); silicate (SiO2; μM); nitracline (m).





Nutrients, nitracline and chlorophyll-a concentration

Nutrient distribution, including nitrite + nitrate (NO2 + NO3), phosphate (PO4), silicate (SiO2), and ammonium (NH4) concentrations, were measured using a four-channel continuous auto-analyzer (QuAAtro, Seal Analytical) following the Joint Global Ocean Flux Study (JGOFS) protocols (Gordon et al., 1993). To evaluate accuracy and reproducibility, nutrient reference materials for seawater (Lot. No. BV, KANSO Techno) were measured with standards in all batches; the detailed methods are described by Jung et al. (2021). Nitracline depths were determined as the median of the shallowest depths where the gradient of NO2 + NO3 was greater than 0.1 μM m−1 (Coupel et al., 2015).

Chlorophyll-a (Chl-a) samples were filtered with 500 mL of seawater through a glass fiber filter (Whatman GF/F), and extracted in the dark for 24 h with 90% acetone. Chl-a concentration was measured using a fluorometer (Trilogy, Turner Designs) calibrated using a purified Chl-a standard solution (Sigma) (Parsons et al., 1984). In addition, size-fractionated Chl-a was measured using a cascade connection filtration system composed of a 20 μm nylon mesh and a nuclepore filter with a pore size of 2 μm (Whatman). Using this system, the micro (≥ 20 μm), nano (2–20 μm), and pico (≤ 2 μm) Chl-a concentration were obtained. The SCM depth was determined as the depth, which was the highest fluorescence from the chlorophyll fluorescence profile. The profile of Chl-a concentration was obtained by correcting the chlorophyll fluorescence profile with Chl-a concentration, the SCM layer was identified as a depth where the gradient of Chl-a concentration was ± 0.01 ug l-1 m-1 and above the threshold of Chl-a concentration (0.11 ug l-1) to calculate the contribution of the Chl-a concentration in the SCM layer (Martin et al., 2013).



Photophysiological properties of phytoplankton

The variable fluorescence of phytoplankton was determined using a new miniaturized fluorescence induction and relaxation (mini-FIRe) instrument (Gorbunov et al., 2020). The sensitivity and signal-to-noise ratio of this new instrument, which is suitable for use in oligotrophic waters, is approximately ca. 20 times better than the previous model (Gorbunov and Falkowski, 2004). For accurate measurements of quantum yields and functional absorption cross-sections, the FIRe instrument provides single photosynthetic turnover measurement within ca. 100 μs (Gorbunov et al., 1999).

For the measurement of variable fluorescence, seawater samples were kept at in situ temperature and under low-light conditions (~10 μmol quanta m−2 s−1) for approximately 60 min, which was necessary for recovery from photoinhibition and non-photochemical quenching. Then, each sample was measured to obtain the photophysiological properties of PSII, including minimal fluorescence yield (Fo; when all reaction centers are open), maximal fluorescence yield (Fm; all reaction centers are closed), photochemical efficiency (Fv/Fm), and functional absorption cross-section (σPSII), as described by Kolber et al. (1998). To calibrate the fluorescence parameters by depth, the blank signals were measured at two depths (ca. 0 and 100 m) after filtering the seawater with a syringe filter (0.2 μm), using the method described by Bibby et al. (2008). After subtracting the blank signal, Fv/Fm was calculated using the ratio of variable fluorescence (Fv = Fm – Fo) to the maximum fluorescence (Fm).

Photosynthetic parameters were obtained by applying the electron transfer rate versus irradiance curve. The electron transfer rate (ETR) of the sample obtained from the SCM layer was measured using a programmable actinic light source mounted on the mini-FIRe. The ETR for each PSII reaction center was calculated as described by Gorbunov et al. (2000, 2001). The detailed method for calculating ETR has been described by Ko et al. (2020). The photosynthetic rates as a function of irradiance can be calculated using the hyperbolic tangent equation (Jassby and Platt, 1976) as follows:

 

where ETRmax is the maximum electron transfer rate achievable at saturating light and Ek is the light saturation parameter. The light utilization efficiency (α) was estimated using ETRmax/Ek. To deduce the photosynthetic rates in absolute units (i.e., electrons per second per reaction center), cross-sections must be measured for the same spectral quality as the ambient irradiance. Therefore, both excitation and actinic light were kept in blue light range (455 nm, with a 20 nm half bandwidth) during the measurement of the photosynthesis versus irradiance curves.



Statistical analysis

Analysis of variance was performed using MATLAB (R2020a) to confirm the difference in parameters by region. Principal component analysis was performed to understand the relationship between environmental variables and the photophysiological properties of phytoplankton using the factoextra package (v1.0.6) in the R software.




Results


Physical and chemical environments of the water-column

The physical and chemical properties differed between the NWC and NEC regions. These two regions were identified by the distribution of PSW around the SCM layer, as described previously (Table 1, Figure 2). The water temperature of the SCM depth in the NWC region, where the PWW was mainly located below the SCM layer, was 0.84°C lower than that in the NEC region, where the PSW was located around the SCM layer (−1.39 ± 0.17°C and −0.55 ± 0.56°C, respectively; p< 0.01) (Figure 2 and Table 1). The salinity was similar at the SCM depth in both regions (31.26 ± 0.59 psu and 31.04 ± 0.39 psu, respectively), and the lowest value was observed in 2017 (30.57 ± 0.42 psu and 30.60 ± 0.53 psu, respectively). The mixed layer depth (MLD) was similar in these two regions (10 ± 6 m and 12 ± 6 m, respectively) (Table 1). The MLD was the deepest in 2017 in the NWC region (15 ± 6 m) and in 2016 in the NEC region (19 ± 5 m; p< 0.05). The FWC in the NEC region was 19 ± 3 m on average, which was 58% higher than that in the NWC region (12 ± 4 m; p< 0.01). The FWC maintained a similar range each year in the NEC region, whereas it gradually decreased from 2015 to 2018 in the NWC region (Table 1). The Δσt in the NEC region (4.23 ± 1.08 kg m-3) recorded higher values than that in the NWC region (3.31 ± 1.05 kg m-3, p< 0.01). The SCM depth was 49 ± 10 m in the NEC region, which was 15 m deeper than the 34 ± 14 m depth in the NWC region (p< 0.05, Table 1 and Figure 2). In addition, SCM depth showed a tendency to become shallower from 2015 to 2018 in the NWC region (p< 0.01). Although the SCM depth of the NEC region was the shallowest in 2017 (40 ± 11 m), it increased again in 2018 (Figures 2F, H). The nitracline of the two regions was also distinctly different (27 ± 10 m and 37 ± 10 m, respectively); in particular, that in the NWC region became shallow from 2015 to 2018 (p< 0.05). The euphotic depth (Zeu) also differed significantly between the two regions (39 ± 13 m and 55 ± 10 m, respectively; p< 0.01), but there was no significant linear trend by region such as the SCM depth and nitracline (Table 1). However, Zeu showed a significant negative correlation with Chl-a concentration at the SCM depth (r = -0.63, p< 0.01). The PAR of the SCM depth was similar between the two regions (5.69 ± 6.98 μmol m-2 s-1 and 4.40 ± 5.82 μmol m-2 s-1, respectively). Also, the PAR_ratio in the NWC region was slightly higher than that in the NEC region (4.94 ± 8.99 and 2.81 ± 1.49, respectively), there was no statistically significant difference (Supplementary Figure 1).




Figure 2 | Vertical profiles of average temperature (blue dotted lines) and salinity (red dotted lines) by year in the northwestern Chukchi Sea (NWC, Left panels) and the northeastern Chukchi Sea (NEC, Right panels). Two horizontal dark gray, green and yellow lines indicate the mixed layer depth (MLD), subsurface chlorophyll maximum (SCM) layer and nitracline on average, respectively. The red and cyan shading represent the Pacific Winter Water (PWW, T > −1°C, S > 31.5 psu) and the Pacific Summer Water (PSW, T > −1°C, 31 ≤ S ≤ 32 psu) respectively. (A, B) 2015; (C, D) 2016; (E, F) 2017; (G, H) 2018.



In the case of nutrient distribution, the nutrient concentration at the SCM depth in the NWC region was relatively higher than that in the NEC region (Figure 3). There was a significant difference in the nitrate + nitrate concentration (NO2 + NO3) between the two regions (4.47 ± 2.92 μM and 2.49 ± 1.92 μM, respectively; p< 0.01) (Figure 3A), except in 2017. Regional differences in phosphate concentration (PO4) were also distinct (1.14 ± 0.20 and 0.94 ± 0.15 μM, respectively; p< 0.01) (Figure 3B), with a little interannual variation. In 2015, there was no statistically significant difference in silicate concentration (SiO2) between the two regions (12.08 ± 5.51 μM and 9.62 ± 6.98 μM, respectively), but regional differences have become clear since then (12.32 ± 4.79 μM and 5.97 ± 3.18 μM, respectively; p< 0.01) (Figure 3C). Ammonium concentration was almost depleted in the SCM layer of both regions during the study period (data not shown). Most environmental variables showed distinct regional differences, and the SCM layer and nitracline tended to gradually become shallow in the NWC region.




Figure 3 | Regional distribution of nutrient concentration at the subsurface chlorophyll maximum by year (mean ± standard deviation). (A) nitrite + nitrate (NO2 + NO3; μM), (B) phosphate (PO4; μM), (C), and silicate (SiO2; μM). The blue and red lines represent the northwestern Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC), respectively.





Regional distribution of phytoplankton Chl-a concentration and community size structure at the SCM

Chl-a concentration and phytoplankton size structure showed distinct regional characteristics. The Chl-a concentration in the NWC region was higher than that in the NEC region (2.76 ± 3.08 mg m−3 and 0.88 ± 0.74 mg m−3, respectively; p< 0.01) (Figure 4 and Table 2). High Chl-a concentration (> 3 mg m−3) was observed in the NWC region in 2015 and 2018, and in the NEC region in 2015. However, Chl-a concentrations in 2017 were lowest in both regions (0.49 ± 0.26 mg m−3 and 0.48 ± 0.16 mg m−3, respectively) (Figure 4C). The ratio of the Chl-a concentration in the SCM layer to the depth-integrated Chl-a concentration in the water column (0 – 100 m) was calculated. In the NWC region, the ratio of Chl-a concentration in the SCM layer was approximately 80 ± 18%, slightly higher than 70 ± 19% in the NEC region (p< 0.01), indicating that the contribution of the SCM layer was high in both regions (Supplementary Figure 2). Excluding 2017, the microphytoplankton community size structure prevailed, with an average of 75% in the NWC region (Figure 5A). The fractions of nano and picophytoplankton were very low at 15% and 10%, respectively. In 2017, the fraction of nano and picophytoplankton communities were 27% and 46%, respectively, and that of the microphytoplankton community decreased to 28% in the NWC region. In the NEC region, the microphytoplankton community fraction decreased significantly from 55% in 2015 to 6% in 2018 (Figure 5B). Meanwhile, the picophytoplankton community fraction more than double on average, from 21% in 2015 to 59% in 2018. The nanophytoplankton community fraction also increased slightly from 25% to 35%. Taken together, phytoplankton communities showed high Chl-a concentrations and were dominated by large-cells in the SCM layer of the NWC region. Conversely, in the SCM layer of NEC, phytoplankton had a relatively low Chl-a concentration, and small-sized communities tended to increase during this study.




Figure 4 | Spatial distribution of chlorophyll-a concentration (mg m−3) at the subsurface chlorophyll maximum by year. (A) 2015, (B) 2016, (C) 2017, and (D) 2018. The left side of the black line shows the northwestern Chukchi Sea; the right side shows the northeastern Chukchi Sea.




Table 2 | Regional phytoplankton size fraction and photophysiology variables at the subsurface chlorophyll maximum in the northwestern Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC).






Figure 5 | Distribution of phytoplankton Chlorophyll-a (Chl-a) concentration (mg m−3) and average phytoplankton community size fraction (%) by region. (A) The northwestern Chukchi Sea, (B) The northeastern Chukchi Sea. Green circles and black vertical lines represent Chl-a concentration (mean ± standard deviation). Phytoplankton community size consisted of > 20 μm, 2–20 μm, and< 2 μm, respectively.





Regional distribution of phytoplankton photophysiological properties at the SCM

The regional distribution of the maximum photochemical efficiency (Fv/Fm), functional absorption cross-section (σPSII), and P-E parameters are shown in Figures 6 and 7, and Table 2. Fv/Fm was higher than 0.5 at the SCM depth in most stations, and showed similar ranges in both regions when four-year data were combined (0.54 ± 0.07 and 0.53 ± 0.06, respectively). However, since 2017, the Fv/Fm of the NEC region has been significantly lower than that of the NWC region (0.49 ± 0.07 and 0.54 ± 0.09, respectively; p< 0.05), showing a clear difference between the East and West regions (Figures 6 and 7A). The σPSII in the NEC region was larger than that in the NWC region (710 ± 143 × 10−20 m−2 photons−1 and 607 ± 111 × 10−20 m−2 photons−1, respectively; p< 0.05) (Figure 7B and Table 2). σPSII maintained a similar range by year in the NWC region, whereas it increased by 17% in the NEC region from 2017 (655 ± 112 × 10−20 m−2 photons−1 and 772 ± 140 × 10−20 m−2 photons−1, respectively; p< 0.01) (Figure 7B). The photosynthetic parameters obtained from the P-E curve also differed by region. The maximum electron transfer rate (ETRmax) of the NWC region was higher than that of the NEC region (53 ± 26 e−1 s−1 R−1 and 36 ± 23 e−1 s−1 R−1, respectively; p< 0.01) (Figure 7C). This was similar in both regions before 2016 (39 ± 24 e−1 s−1 R−1 and 33 ± 24 e−1 s−1 R−1, respectively). However, the ETRmax of the NWC region has increased by approximately 36% compared to the NEC region since 2017, resulting in a significant difference between the two regions (61 ± 24 e−1 s−1 R−1 and 38 ± 23 e−1 s−1 R−1, respectively; p< 0.01). The light saturation (Ek) of the NWC region was slightly higher than that of the NEC region, but the difference was not significant (27 ± 21 μmol photons m−2 s−1 and 18 ± 21 μmol photons m−2 s−1, respectively; p = 0.08) (Figure 7D). The light utilization efficiency coefficient (α) showed distinct differences by region (2.43 ± 1.12 μmol electrons (μmol photons)−1 and 3.30 ± 1.97 μmol electrons (μmol photons)−1, respectively; p< 0.05) (Figure 7E). In particular, the α between the two regions was similar in 2015, but since then the α of the NEC region has become higher than that in the NWC region (4.44 ± 1.48 μmol electrons (μmol photons)−1 and 3.03 ± 0.76 μmol electrons (μmol photons)−1, respectively; p< 0.01). Overall, the photosynthetic parameters, excluding Ek, showed similar ranges in the two regions until 2016, but regional differences have become clear since 2017.




Figure 6 | Spatial distribution of photochemical efficiency (Fv/Fm) at the subsurface chlorophyll maximum by year. (A) 2015, (B) 2016, (C) 2017, and (D) 2018. Based on the black line, the left side is the northwestern Chukchi Sea and the right side is the northeastern Chukchi Sea.






Figure 7 | Distribution of phytoplankton photophysiological characteristics (mean ± standard deviation) by year. (A) Maximum photochemical efficiency (Fv/Fm), (B) functional absorption cross-section (σPSII; 10−20 m−2 photons−1), (C) maximum electron transfer rate (ETRmax; e−1 s−1 RC−1), (D) minimum saturating irradiance (Ek; μmol photons m−2 s−1), and (E) light utilization efficiency (α; μmol electrons [μmol photons] −1). For each variable, the x-axis and y-axis indicate the northwestern Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC), respectively.






Discussion


What determines the SCM depth in the northern Chukchi Sea?

The water mass structure, characterized by water temperature and salinity, affects the vertical distribution and flux of nutrients, which in turn controls the SCM depth (Ardyna et al., 2013; Brown et al., 2015). The upper layer (0–150m) of the western Arctic Ocean was mainly composed of a relatively fresh surface mixed layer and Pacific-origin water entering the Arctic via Bering Strait, which was a high nutrient and low dissolved oxygen water (Codispoti et al., 2005). The Pacific-origin water was divided into relatively warm and fresh PSW and cold and saline PWW, and the PSW lay directly above PWW (Nishino et al., 2013; Gong and Pickart, 2016). A warm and saline Atlantic-origin water layer was located below the Pacific-origin water layer (Korhonen et al., 2013; Alkire et al., 2019). In the NWC region, PWW was distributed below the SCM layer, and in the NEC region, PSW mainly existed around the SCM layer and PWW was distributed below it. In other words, the water masses around the SCM layer differ between these two regions (Figure 2). These differences in the water mass distribution contributed to the difference in water temperature and salinity at the SCM in these two regions, and thus, affected nutrient budget (Figure 3 and Table 1). In 2017, the intrusion of Atlantic-origin cold water caused by cyclonic atmospheric circulation raised the PWW, supplying nutrients to the upper layer of the northwestern Chukchi Sea (Jung et al., 2021). This variability in water masses has influenced the expansion of PWW in the northern Chukchi Sea since 2017, which can be related to the reduction in the spatial distribution of PSW to the Chukchi borderlands towards 2018 (Figures 1C, D). Therefore, the difference in physicochemical conditions (temperature, salinity, and nutrients) of the water layer would affect the variability of SCM depth by region.

We found a significant correlation between nitracline and SCM depth (r = 0.80, p< 0.01; Figure 8A), indicating that nitrogen availability is the key factor for the formation of the SCM layer in the Arctic Ocean. In addition, the nitracline position was significantly correlated with FWC (r = 0.72, p< 0.01; Figure 8B). This relationship suggests that the increased thickness of the freshwater surface layer deepens the sub-surface nutrients reservoir of PWW (Coupel et al., 2015). Freshwater produced by melting sea ice was one of the main factors controlling the FWC (Serreze et al., 2006). In our study, the FWC had a statistically significant negative correlation with sea ice concentration in the two regions (r = −0.59, p< 0.01; Figure 8C). Specifically, the period from the sea ice retreat to measurement in the NEC region was 44 days on average, and there was no significant difference by year. But, the averaged period was 35 days in the NWC region, which was the shortest in 2018 with 30 days. (p< 0.01, Supplementary Figure 3). The period in the two regions showed a positive correlation with FWC, suggesting that the sea ice melting was affecting the FWC (r = 0.50, p< 0.01, Figure 8D). The period of sea ice retreat was also related to the difference in the stability of the water column (stratification index) between both regions (r = 0.36, p< 0.05, Table 1). Furthermore, the position of the lower halocline between the Pacific-origin water and Atlantic-origin water in both regions was confirmed by another study (Alkire et al., 2019); in the NWC region, the lower halocline became shallower after 2016, meaning that the Pacific-origin waters have risen (Supplementary Figure 4). Thus, as mentioned earlier, the PWW uplift eventually increased the salinity and nutrients in the upper layer, which led to a decrease in FWC and shallower nitracline towards 2018 in the NWC region (Figure 2). Although the fluctuation of nitracline was not significant in the NEC region, the nutrient supply to the surface layer shallowly formed the position of the nitracline in the NWC region, resulting in a shallow SCM depth.




Figure 8 | Variables related to the depth of subsurface chlorophyll maximum (SCM) by region from 2015 to 2018. (A) Relationship between nitracline and the SCM depth (r = 0.80, p< 0.01), (B) Relationship between nitracline and freshwater content (FWC; r = 0.72, p< 0.01), and (C) Sea ice concentration (%) and FWC (NWC: r = −0.61, p<0.01; NEC: r = −0.59, p< 0.01, Excluding 0% sea ice concentration). (D) FWC and the period from the sea ice retreat to measurement (days) (NWC: r = 0.53, p< 0.01; NEC: r = 0.50, p< 0.01). The blue squares and red circle represent the northwestern Chukchi Sea (NWC) and the northeastern Chukchi Sea (NEC), respectively.





Effects of nitrogen availability on phytoplankton photophysiology at the SCM

In the summer of the Arctic, phytoplankton in the SCM layer were reported to exhibit high nitrogen availability through assessment of nitrogen assimilation (Martin et al., 2012). We aimed at determining the effect of high nitrogen availability in the SCM layer on the photophysiological properties of phytoplankton. The variation in nitrogen availability may have contributed to regional differences in Chl-a concentration (2.76 mg m−3 vs.< 1 mg m−3) and dominant phytoplankton community size (micro vs. nano + pico), as well as the photosynthetic activity of phytoplankton (Figures 4 and 5). In the NWC region, the phytoplankton Fv/Fm at the SCM depth was high during the entire study period (Figure 6). This result suggests that phytoplankton in the SCM layer exhibited the highest photosynthetic activity because the nitrogen availability was not limited. Meanwhile, in the NEC region, Fv/Fm in the SCM layer remained high until 2016, and since then, it has decreased by approximately 10% (Figures 6C, D). Fv/Fm of the two regions showed a significant difference since 2017 (Figures 6C, D, 7A). The reduced Fv/Fm in the SCM layer was similar to that of surface phytoplankton (0.46 ± 0.09) in the Arctic Ocean, which was subject to severe nitrogen limitation (Mills et al., 2018; Ko et al., 2020). This result meant that the photosynthetic activity of phytoplankton decreased in the SCM layer because nutrient availability was lower than the cellular demands for photosynthesis (Parkhill et al., 2001). That is, the nitrogen availability in the SCM layer was probably inhibited, as the NEC region has shifted to the Chukchi borderlands since 2017. Therefore, our results revealed that the degree of nitrogen availability in the SCM layer was highly variable in the Arctic Ocean, which could be responsible for changes in the photosynthetic activity of phytoplankton.

In the first principal component (PC1: 39%), each photophysiological property of phytoplankton (Fv/Fm, Ek vs. σPSII, α) was negatively correlated with the dominant phytoplankton community size structure by region (r = −0.31 ~ −0.43, p< 0.01, Figure 9). σPSII refers to the ability to absorb light (i.e., the physical size of PSII antennae) and the efficiency of electron conversion in PSII (Falkowski et al., 2004). In particular, an inverse relationship between Fv/Fm and σPSII was evident in both regions, which is known to be associated with high σPSII and low Fv/Fm as light-harvesting strategies for smaller cells (Suggett et al., 2009). In the Chukchi Sea, diatoms and small flagellates were dominant (Lee et al., 2019), and large diatoms were known to show high Fv/Fm (≥ 0.5) and low σPSII (400 to 600 × 10−20 m−2 photon-1) (Moore et al., 2005; Suggett et al., 2009). We expected that large-sized phytoplankton communities with high Chl-a concentrations in the NWC region would exhibit low light absorption (i.e., σPSII and α) owing to the package effect (Kirk, 1975; Lavergne and Joliot, 2000). Therefore, phytoplankton in the NWC region would have shown high Fv/Fm and low σPSII by dominant large diatoms (Figures 7B and 10A). In addition, the Ek of the NWC region was relatively higher than that of the NEC region because large diatoms adapted to high light (Figures 7D and 10B) (Qiao et al., 2021). Along with the reduction in Fv/Fm since 2017, the large-sized phytoplankton community fraction decreased by 34% compared with that before 2016 in the NEC region (Figures 7E and 10C). At this time, σPSII and α increased, indicating an increase in antenna size in the NEC region. This could increase the probability of heat dissipation by increasing the lifetime of an exciton within the antenna. Hence, the photochemical efficiency of phytoplankton with high σPSII would have been reduced in the NEC region (Lavergne and Joliot, 2000). ETRmax did not show a correlation with nitrogen availability or phytoplankton community size structure (Figures 9 and 10D). Finally, the inhibition of nitrogen availability in the SCM layer contributed to a decrease in the photosynthetic activity of phytoplankton, with an increase in picophytoplankton communities in the NEC region (Almazán-Becerril et al., 2012; Kulk et al., 2018). Therefore, this analysis suggests that the extent of nitrogen availability in the SCM layer was a major factor regulating the photosynthetic activity and light absorption ability of the regionally dominant phytoplankton communities.




Figure 9 | Biplot of the first and second principal components (PC1: 39%, PC2: 17%) between the environmental variables and phytoplankton photophysiological parameter in the subsurface chlorophyll maximum (SCM) grouped by regions. Terms and abbreviations: temperature (T); salinity (S); the SCM depth (SCM depth); nitracline; freshwater content (FWC); Chlorophyll‐a concentration (Chl‐a); size fraction (micro, nano, pico; %); photochemical efficiency (Fv/Fm); functional absorption cross‐section (σPSII); maximum electron transfer rate (ETRmax); light saturation for photosynthesis (Ek); light utilization efficiency (α); nitrite + nitrate (NO2 +NO3); phosphate (PO4); and silicate (SiO2); The ratio of photosynthetically available radiation (PAR) in the SCM layer to the surface layer (PAR_ratio).






Figure 10 | Relationships between microphytoplankton fraction (f>20μm; %) and photosynthetic variables. (A) functional absorption cross-section (σPSII; 10−20 m−2 photons−1), (B) minimum saturating irradiance (Ek; μmol photons m−2 s−1), and (C) light utilization efficiency (α; μmol electrons [μmol photons] −1), (D) maximum electron transfer rate (ETRmax; e−1 s−1 RC−1). The red circle and blue square represent the northeastern Chukchi Sea (NEC) and the northwestern Chukchi Sea (NWC), respectively.





Change in maximum electron transfer rate depending on light condition at the SCM

Nitrogen availability appeared to affect the distribution of Fv/Fm in the SCM layer, but did not show a significant relationship with ETRmax. Thus, we analyzed the factors that influenced the distribution of ETRmax by region. In the second principal component (PC2: 17%), ETRmax showed a positive correlation with PAR_ratio (r = 0.33, p = 0.07) and a negative correlation with the SCM depth (r = −0.56, p< 0.01, Figure 9). Arctic phytoplankton are well known for their adaptation to low-light conditions, resulting in high α and low Ek. (Platt et al., 1982; Gallegos et al., 1983; Palmer et al., 2011). The PAR_ratio in the Arctic Ocean is generally reported to be at a 1–5% level (Martin et al., 2012). This was similar to our results (~4.0%), with no regional differences in PAR_ratio. However, the PAR_ratio continued to increase from 2.7% in 2015 to 8.5% in 2018 as the SCM depth in the NWC region became shallow owing to the uplift of the nitracline described above. In fact, the PAR of the two years (2015 vs 2018) was not significantly different (4.6 ± 3.8 vs 7.0 ± 8.2 μmol photons m-2 s-1) in the NWC region (Supplementary Figure 1), but the increase in the PAR ratio considered that the light availability was improved in the SCM layer. For example, doubling of the average PAR_ratio between 2015 and 2018 resulted in a difference of approximately 30% in the ETRmax in the NWC region (41 e−1 s−1 RC−1 and 60 e−1 s−1 RC−1, respectively) (Figure 11A). In the surface layer, severe nitrogen limitation reduced the ETRmax by approximately 40% in the Chukchi Sea (Ko et al., 2020), which suggests a very strong reduction (ca. 80%) in net primary production (Gorbunov and Falkowski, 2020). In contrast to the surface layer, it was shown that the improvement in light conditions (e.g. a two-fold increase in the PAR ratio) increased ETRmax in the presence of sufficient nitrogen availability within the SCM layer (Palmer et al., 2013). This result suggests that the position of the SCM layer associated with light availability affects the photosynthetic rate (Bouman et al., 2020). Similarly, the maximum rate of photosynthesis measured by the 14C method was also regulated under a physical environment such as light (Harrison and Platt, 1986; Huot et al., 2013). Meanwhile, PAR_ratio was similar in the NEC region during the study period; thus, ETRmax did not change significantly (Figure 11B). We found that the photophysiological properties of phytoplankton at the SCM depth depending on the light and nitrogen availability could greatly contribute to the primary production in the water column. Since the contribution of Chl-a concentration in the SCM layer was high in the summer of the Arctic Ocean, understanding the photophysiological properties of phytoplankton at the SCM depth would be essential to confirming changes in primary production in the Arctic Ocean.




Figure 11 | Regional distribution of maximum electron transfer rate (ETRmax) at the subsurface chlorophyll maximum (SCM) by year. (A) The northwestern Chukchi Sea and (B) the northeastern Chukchi Sea. The black line and blue dotted line represent a non-linear regression line and a 90% confidence interval.



Our study describes the responses of phytoplankton photophysiology to nitrogen availability and light conditions at the SCM in the Arctic Ocean in summertime. The extent of nitrogen availability in the SCM layer affects the photochemical activity (e.g. Fv/Fm) and light absorption ability (e.g. σPSII and α) depending on the phytoplankton community structure by region. Similar to the effect of nitrogen limitation on surface phytoplankton in the Arctic Ocean, the reduced nitrogen availability in the SCM layer decreased Fv/Fm by approximately 10% and also decreased the fraction of large phytoplankton in the NEC region. Despite the reduction in nitrogen availability in the NEC region, there was no significant change in ETRmax. Meanwhile, large phytoplankton in the NWC region, which showed sufficient nitrogen availability in the SCM layer, retained high photochemical efficiency but resulted in low light absorption ability due to the package effect. In addition, the improvement of the light conditions in the SCM layer caused by the shallower SCM depth contributed to an increase in ETRmax by up to 30%, which was similar to the increase in ETRmax of surface phytoplankton by the alleviation of nitrogen limitation. In other words, fluctuations in light conditions could have a greater effect on phytoplankton photosynthetic capacity and primary production, based on sufficient nitrogen availability in the SCM layer. The recent inflows of the Atlantic-origin and Pacific-origin waters have delivered additional nutrient fluxes to the Arctic Ocean, which has caused the increase in primary production in the Arctic Ocean (Lewis et al., 2020). The amount and duration of light transmitted to the water layer has increased owing to the reduced sea ice extent and thickness in the Arctic Ocean (Ardyna and Arrigo, 2020). Therefore, our findings have important implications for understanding how changes in light conditions and nutrient fluxes might affect phytoplankton photosynthesis and primary production in the subsurface layer of the Arctic Ocean.
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Categorize Unit 100% light depth 1% light depth

Avg. Stdev. Avg. Stdev.
Pigment Fuco* mg m? 0.002 0.000 0.005 0.003
Peri - - = -
Hexfuco* 0.009 0.005 0.039 0.023
Butfuco* 0.002 0.001 0.026 0.021
Diadino 0.002 0.001 0.003 0.001
Viola - = = -
Pras i = = -
Zea 0.038 0.011 0.040 0.011
Chl b* 0.009 0.008 0.121 0.100
MVChl a* 0.031 0.012 0.098 0.053
DVChl a* 0.025 0.022 0.082 0.051
TChl a* 0.056 0.033 0.180 0.101
Primary production Carbon biomass* mgCm™ 76.7 16.7 55.9 7.85
Production rate** mg Cm™>h™' 0.170 0.074 0.027 0.027
Pigment turnover rate Zea ht 0.00009 0.00008 0.00003 0.00004
Chl b* 0.00031 0.00014 0.00014 0.00009
MVChl a** 0.00040 0.00013 0.00010 0.00010
DVChl a* 0.00028 0.00012 0.00013 0.00006

“ and ** represent significant difference in the levels of p<0.05 and p<<0.01 between the two light depths, respectively. Fuco, fucoxanthin; Peri, peridinin: Hexfuco, 19"
hexanoyloxyfucoxanthin: Butfuco, 19-butanoyloxyfucoxanthin; (Diadino, diadinoxanthin); Viola, violaxanthin; Pras prasinoxanthin; Zea, zeaxanthin; chlorophyll b; DVCh a, divinyl
chlorophyll a; MVChI, a monovinyl chlorophyll a, Total Chl a (TChl a = MVChl a + DVChI a).
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Groups 1 11,004 17.272
Residual 248 637.13

Total 249
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Total 216
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Size-fraction (um) Av.Abund Contrib% Cum.% Species Av.Abund Contrib% Cum.%
2016 2016
>30 1417 35.88 35.88 Genus Parafavella 3.87 32.71 32.71
1020 12.44 33.52 69.39 Acanthostomella norvegica 3.56 2012 60.43
20-30 11.84 30.61 100.00 Codonellopsis frigida 3.33 15.54 75.97
Ptychocylis obtusa 1.72 10.05 86.02
R acuta 0.86 8.02 94.04
2019 2019
10-20 18.29 38.37 38.37 C. frigida 3.85 34.63 34.63
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Temp  Sal Ch  TC SpTC PC SpPC TN TAm PN  PAm NO+NONH: POF SO, DIN  Micro Nano Pico
Temp 1

Sal 0615 1

Ch 1

TG 0973* 1

Sp_T.C 0859 0930 1

P.C 0.769"  0.628" 1

Sp_P.C  0.748" 0640 0957 1

T_Ni 0939" 0987 0943 1

T_Am 0880" 0928" 0.905" 0927 1

P_Ni 1

P_Am 0.836" 1

NO,+NO; 1

NH,* -0.567* 1

POS -0.586" 0.929" 1

si0, 0746 0577 1

DIN 0616° -0595 0601 0.982" 0.938" 1

Micro 0748 0771 0.831" 0784 0.688" -0553" 1
Naro 0678 0672 069" 0684 -0.605" 0953 1

Pico -0651"  -0.724" -0.849" -0.736™  -0.637* 0588 0718 0614"  -0.769" 1

The rvalues shown in this table indicate statistical signifiicance when p-values are< 0.05 () and< 0.001 (). Blanks indicate that rvalues are not signifiicant. Temp; temperature, Sal: salinity, Chi: chiorophyll a, T_C; total carbon
upteke rate, P_C; picophytoplankton carbon uptake rate, Sp_T_C; speciffic total carbon uptake rate, Sb_P_C; specific picophytoplankton carbon uptake rate, T_Ni; total nitrate uptake rate, T_Am; total ammonium uptake rate, P_Ni;
picophytoplankton nitrate upteke rate, P_Am; picophytoplankton ammonium uptake rate, DIN; sum of NO3-+NO2-+NHd+; Micro; microphytoplankton (%), Neno; nanophytoplankton (%), Pico; picophytoplankton contribution (%) of
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2.67 £0.59
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PO,
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0.91 £0.17
0.97 £0.12
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Species Temp. Ingested Assimilation efficiency C Assimilated Respired Growth
(C) (% body C d™') (% ingested C) (% body C d") (% assimilated C d") (% assimilated C d™)
G. dominans 12 1121 52.0 58.2 66.2 33.8
18 116.7 455 53.1 64.2 35.8
25 77.3 68.6 53.0 84.8 16.2
O. marina MED 12 63.0 100.0 63.0 24.6 75.4
18 160.6 62.2 99.9 35.4 64.6
25 68.2 80.8 55.1 72.9 271
O. marina CRB 12 241 64.9 16.7 100.0 0.0
18 175.0 65.1 113.9 33.5 66.5
25 102.1 100.0 102.1 82.4 26.2

We provide data on specific ingestion rates, assimilation efficiency of the ingested carbon, amount of carbon assimilated, % of carbon respired out of the one assimilated, and % of the

carbon assimilated allocated to growth.
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C=V; x0.053 + 444.5 (Verity and Lagdon, 1984).
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Product Gene ID Gene name EC number Regulation (padj< 0.05)
Log2FC= Log2FC
(LT_CK) (ST_CK)
Photosynthesis
Photosystem Il oxygen-evolving enhancer protein 3 gene_6167 psbQ -1.21 =
Ferredoxin-NADP* reductase gene_6155 FNR EC:1.18.1.2 -1.46 -
Calvin cycle
Phosphoglycerate kinase gene_11697 PGK -4.82 -2.83
Phosphoglycerate kinase gene_6297 PGK 211 -
Phosphoglycerate kinase gene_6744 PGK -3.50 -1.89
Glyceraldehyde-3-phosphate dehydrogenase gene_4207 GAPA -2.72 -
Transketolase gene_3550 tktA -1.74 -
Transketolase gene_5777 tktA - 147
Ribose 5-phosphate isomerase A gene_3706 rpiA -1.68 -1.07
Phosphoribulokinase gene_9029 PRK -2.40 -1.07
Glycolysis
Fructose-bisphosphate aldolase, class | gene_318 FBA -2.38 -1.26
Glyceraldehyde-3-phosphate dehydrogenase gene_3483 GAPDH -1.85 -
Glyceraldehyde-3-phosphate dehydrogenase gene_8679 GAPDH 1.03 -
Phosphoglycerate kinase gene_6297 PGK 2.1 -
Phosphoglycerate kinase gene_6744 PGK -3.50 -1.89
Phosphoglycerate kinase gene_11697 PGK -4.82 -2.83
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase gene_4647 PGAM -1.13 -
2,3-bisphosphoglycerate-dependent phosphoglycerate mutase gene_9748 PGAM 1.08 -
Enolase gene_1499 ENO -1.71 -1.04
Enolase gene_1969 ENO -2.21 -
Pyruvate kinase gene_1665 PK -1.36 -
Pyruvate kinase gene_1740 PK -1.71 -
Pyruvate kinase gene_3322 PK -3.59 -
Pyruvate kinase gene_4717 PK 1.61 -
Pyruvate kinase gene_10602 PK -3.38 -
Dihydrolipoamide acetyltransferase gene_1161 DLAT -1.60 -
Dihydrolipoamide acetyltransferase gene_8934 DLAT -1.76 -
Dihydrolipoamide dehydrogenase gene_3601 DLD -1.26 -
Pyruvate carboxylase gene_4579 PC - 1.61
TCA cycle
ATP citrate (pro-S)-lyase gene_11118 ACLY -1.66 -
ATP citrate (pro-S)-lyase gene_118 ACLY -2.06 -
Fatty acid biosynthesis
Acetyl-CoA carboxylase gene_4535 ACC -1.64 =
Acetyl-CoA carboxylase gene_8191 ACC -1.15 -
Acetyl-CoA carboxylase gene_8192 ACC -1.64 -
Malonyl-CoA-[acyl-carrier-protein] transacylase gene_2608 MAT -1.21 -
B-ketoacyl-[acyl-carrier-protein] synthase Il gene_2230 KASII -3.11 -1.26
B-ketoacyl-facyl-carrier-protein] synthase Il gene_9142 KASII -1.47 -
B-hydroxyacyl-[acyl-carrier-protein] dehydratase gene_6107 HAD -1.45 -
Enoyl-[acyl-carrier-protein] reductase gene_8401 EAR -1.86 -
p-oxidation
Long-chain acyl-CoA synthetase gene_738 ACSL -1.71 -
Long-chain acyl-CoA synthetase gene_8558 ACSL 1.39 -
Acyl-CoA oxidase gene_10606 ACOX 1.61 1.32
Acyl-CoA oxidase gene_8528 ACOX 144 -
B-hydroxyacyl-CoA dehydrogenase gene_4884 HADH 3.42 2.04
B-hydroxyacyl-CoA dehydrogenase gene_5203 HADH - -1.14
Triacylglycerol biosynthesis
Glycerol-3-phosphate dehydrogenase (NAD*) gene_7684 GPD1 -1.06 -
Glycerol-3-phosphate acyltransferase gene_9974 GPAT -1.38 -
Glycerol-3-phosphate acyltransferase gene_9975 GPAT -1.25 -
Nitrogen metabolism
Nitrate/nitrite transporter gene_5827 NRT -2.26 -
Nitrate reductase gene_5828 NR 2174, -2.34 -
Carbamoyl-phosphate synthase (@ammonia) gene_3199 CPs EC:6.3.4.16 -1.46 -

FPKM1000 ppm

*LOGEFC = Log2( oo

CK, control: ST, short-term acidification; LT, long-term acidification.

), “=" no change, padj corrected p-value.





OPS/images/fmars.2022.863262/table6.jpg
Fatty acids RC RS RL
Saturated fatty acid (%)
C14:0 5.94 + 0.06° 7.99+0.272 8.14 +0.142
C16:0 25.56 +0.16° 25.66 + 0.59 24.41 £0.05°
Cc18:0 5.49 +0.08* 3.74 +0.13° 4.15 + 0.06°
Monounsaturated fatty acid (%)
G16:1n7 28.68 + 0.05° 32.16 +0.242 30.99 +0.01°
G18:1n9 14.89 + 0.09% 14.21 £ 0.51° 16.12 + 0.50°
G20:1n9 3.76 + 0.85% 3.26 +0.26% 2.78 + 0.54°
Polyunsaturated fatty acid (%)
C18:2n6 4.65 +0.372 2.79 £ 0.25° 3.14 + 0.39°
G20:4n6 2.83+0.15% 1.87 £0.57° 1.79+£0.37°
C20:5n3 8.20 +0.27° 8.34 + 0.65% 9.48 +0.722
ISFA 37.00 + 0.022 37.39 £+ 0.732 36.70 £ 0.142
IMUFA 47.32 +£0.81° 49.62 +0.372 48.89 + 0.06°
XPUFA 15.68 + 0.802 12.99 +0.78° 14.41 + 0.08°
TUSFA 63.00 + 0.022 62.61+0.73* 63.30 + 0.14¢

The different superscript letters indicate significant differences (p< 0.05). RC, rotifer fed with CK: RS, rotifer fed with ST: RL, rotifer fed with LT,
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Metabolite KEGG CID Formula LT_CK ST_CK

FC Log2FC FC Log2FC

(LT_CK) (ST_CK)

Glucose ©00031 CeHi20s 0.71 - 049 - -
Fructose C00095 CgH1206 0.47 -1.08 - -
Mannose-6-phosphate C00275 CgH0P 0.77 -0.38 - -
Melibiose C05402 CipHp044 1.78 0.83 172 0.78
Glyceraldehyde C02154 C3HgOs 0.62 -0.68 0.67 -057
Aspartate C16433 C,H;NO, 3.06 1.61 - =
Glutamine 00303 CsHyoN,Oq 1.44 0.52 0.71 -0.49
Alanine C01401 C3H;NO, ~ = 0.68 -0.56
Asparagine C00152 C4HgN;O5 2.60 1.38 0.74 -0.43
Leucine 16439 CgHy5NO, 6.40 2.68 1.76 0.82
Glutamate ©00025 CaHNO, 1.21 0.28 - -
Acetyl-CoA C00024 CoaHagN,0;;PsS 0.79 -0.33 - -
Citrate 00158 CgHgO; 0.85 -0.24 0.90 -0.15
Malate C00497 C,HOs 0.38 -1.39 0.42 -1.26
2-Oxoglutarate 00026 CsHgOs - - 0.42 -1.25
Arachidonate 00219 CyoHa0, 1.75 0.80 = ==

CK, control: ST, short-term acidification; LT, long-term acidification.
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Sample Name Raw Reads Clean Reads Q30 (%) Mapped Reads Mapping Rate (%) Total Genes

CK1 45247110 43308332 92.31 37185024 85.86 9344
CK2 43238672 41118394 92.42 35312473 85.88 9302
CK3 48211608 46292536 92.24 39684059 85.72 9352
ST1 48751542 46773438 92.55 40470445 86.52 9324
ST2 43547176 41994710 92.32 36267301 86.36 9359
ST3 46570054 44803422 92.07 38838988 86.69 9386
LT1 45036472 43014708 92.56 37569284 87.34 9334
LT2 46154424 44161292 91.33 38201646 86.50 9344
LT3 49239750 47236650 91.96 41003941 86.81 9338

CK, control: ST, short-term acidification; LT, long-term acidification.





OPS/images/fmars.2022.863262/table3.jpg
Fatty acids

Saturated fatty acid (%)
C14:.0
C16:0
Monounsaturated fatty acid (%)
C16:1n7
C18:1n9
Polyunsaturated fatty acid (%)
C18:2n6
C20:4n6
C20:5n3
ISFA
IMUFA
IPUFA
SUSFA

CK

4.54 £ 0.21°
32.60 + 2.96*

26.25 +1.17°
472 +0.212

1.87 +0.00*

4.11+0.38
24.90 +0.99°
38.14 +2.752
30.97 + 1.372
30.89 + 1.37°
61.86 + 2.75°

ST

5.49 +0.35%
28.24 +0.53°

20.35+0.242
3.08 +0.33°

1.82 +0.212

4.29 +0.112
27.73 + 1.48°
33.73 + 0.87°
32.43 £ 0.56%
33.84 +1.422
66.27 +0.872

LT

5.59 + 0.00°
29.05 +0.38°

28.45 £ 0.30°
326 +0.17°

1.44 +0.04°

4.54 +0.312
27.67 £ 0.57¢
34.64 +0.38°
31.70 £ 0.472
33.65 + 0.842
65.36 + 0.382

The different superscript letters indicate significant differences (p< 0.05). CK, control: ST, short-term acidification; LT, long-term acidification.
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Biochemical component content CK ST LT
Carbon and nitrogen content (mg L")
Carbon 45.58 + 0.56° 51,51 +0.072 51.74 £ 0.112
Nitrogen 7.47 £ 0.09° 8.15 + 0.032 8.13 £ 0.012
C/N 6.10 + 0.042 6.45 + 0.01° 6.56 + 0.03°
Total soluble carbohydrate content (mg g=') 18.03 + 2.21° 30.57 +4.012 22.13 £ 1.47°
Total protein content (mg mL-") 0.89 + 0.03* 0.96 +0.142 0.68 +0.01°

For each of the three cultures for each treatment three sample replicates were taken. Values are the averages of three replicates + s.The different superscript letters indicate

significant differences (p< 0.05). CK, control: ST, short-term acidification; LT, long-term acidification.
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Treatment CO,(ppm) PHyss DIC (umol kg™)  HCOg (umol kg~)  CO.* (umol kg”)  CO,(umol kg~) Total Alkalinity (umol kg~')

CK 400 8.16 + 0.022 2348 + 152° 2135 + 141° 197 + 112 16+ 1° 2607 + 1592
ST 1000 7.86 + 0.02° 2574 + 79 2426 + 772 12+ 10 36 + 22 2693 + 752
LT 1000 7.85+0.01° 2677 + 1272 2524 + 1212 115 + 4° 38+ 3 2797 + 1272

These parameters were calculated based on salinity, pH, temperature, and total alkalinity with CO2SYS software. The different superscript letters indicate significant differences
among treatments at p< 0.05. CK, control: ST, short-term acidification; LT, long-term acidification.
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0.039
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0.039
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0.042
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0.0006
0.0020
0.0009
0.0003
0.0011
0.0029
0.0016
0.0012

pgP pm—3

0.0036
0.0036
0.0041
0.0028
0.0040
0.0038
0.0039
0.0050

SE

0.00002
0.00004
0.00015
0.00000
0.00003
0.00003
0.00004
0.00001

C:N

5.4
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5.5
5.5
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0.02
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011
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0.68
0.23
0.79
1.51
1.08
0.51

No significant relationship was found between temperature and any of the variables analyzed.
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G. dominans O. marina
Treatment Volume Growthrates Ingestion rates GGE Volume Growth rates Ingestionrates GGE
ANOVA temperature-acclimated ns 0.002 <0.0001 <0.0001 0.034 0.016 0.0004 ns
Adapted to 16°C vs. Acclimated to +3°C ns ns 0.0003 0.007 ns 0.028 0.002 ns
Adapted to 16°C vs. Acclimated to +6°C ns 0.003 <0.0001 <0.0001 ns 0.021 0.0004 ns
Acclimated to +3°C vs. Acclimated to +6°C ns 0.007 0.0002 0.002 0.030 ns ns ns
ANOVA temperature-adapted ns 0.009 <0.0001 0.0002 ns <0.0001 <0.0001 ns
Adapted to 16°C vs. Adapted to 19°C ns 0.010 <0.0001 0.004 ns <0.0001 <0.0001 ns
Adapted to 16°C vs. Adapted to 22°C ns 0.026 <0.0001 0.0001 ns 0.026 0.003 ns
Adapted to 19°C vs. Adapted to 22°C ns ns ns 0.0078 ns 0.0006 0.0004 ns
S. arenicola K. armiger

Volume Growthrates Ingestion rates GGE Volume Growth rates Ingestionrates GGE
ANOVA temperature-acclimated 0.007 0.0002 <0.0001 ns 0.001 0.004 0.001 0.001
Adapted to 16°C vs. Acclimated to +3°C ns 0.0002 <0.0001 ns 0.001 0.017 0.002 0.001
Adapted to 16°C vs. Acclimated to +6°C 0.006 0.001 <0.0001 ns 0.002 ns 0.001 ns
Acclimated to +3°C vs. Acclimated to +6°C ns 0.108 ns ns ns 0.004 ns 0.002
ANOVA temperature-adapted 0.029 <0.0001 <0.0001 ns 0.001 0.009 0.002 ns
Adapted to 16°C vs. Adapted to 19°C ns <0.0001 <0.0001 ns 0.001 0.011 0.006 ns
Adapted to 16°C vs. Adapted to 22°C ns 0.0002 <0.0001 ns 0.002 0.022 0.003 ns
Adapted to 19°C vs. Adapted to 22°C 0.030 <0.0001 <0.0001 ns ns ns ns ns

For each comparison, we provide first the overall probability of the ANOVA test and next the posteriori Tukey’s test for each combination of temperature responses.
Temperature acclimated corresponds to the results of organisms adapted to 16°C and then incubated at +3 and +6°C. Temperature adapted correspond to the
comparison of the performance of each species incubated at the temperature they have been cultivated for multiple generations. The actual data appears in Figures 1, 2,

4, 5. ns = not significant.
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Hmax = [LN(Np) — LN(Ny)] / (t — to)
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Statistically significant linear relationships with temperature are indicated in bold. n.d. not determined because loss of samples.
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Components

C1

Ex/Em maximum wavelength (nm)

250/455

260 (360)/450
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330(< 250)/400
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Descriptions

Humic-like substances

Tyrosine-like fluorescence

References

Stedmon et al., 2003;

Stedmon and Markager, 2005a,b;
Murphy et al., 2008;

Yamashita et al., 2008; Zhang et al., 2009
Yu et al., 2015

The secondary peaks are shown in parentheses.
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