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Diatom sinking plays a crucial role in the global carbon cycle, accounting for approximately 40% of marine particulate organic carbon export. While oceanic models typically represent diatoms as microphytoplankton (> 20 μm), it is important to recognize that many diatoms fall into the categories of nanophytoplankton (2-20 μm) and picophytoplankton (< 2 μm). These smaller diatoms have also been found to significantly contribute to carbon export. However, our understanding of their sinking behavior and buoyancy regulation mechanisms remains limited. In this study, we investigate the sinking behavior of a nanoplanktonic diatom, Phaeodactylum tricornutum (P. tricornutum), which exhibits rapid changes in sinking behavior in response to varying nutrient concentrations. Our results demonstrate that a higher sinking rate is observed under phosphate limitation and depletion. Notably, in phosphate depletion, the sinking rate of P. tricornutum was 0.79 ± 0.03 m d-1, nearly three times that of the previously reported sinking rates for Skeletonema costatum, Ditylum brightwellii, and Chaetoceros gracile. Furthermore, during the first 6 h of phosphate spike, the sinking rate of P. tricornutum remained consistently high. After 12 h of phosphate spike, the sinking rate decreased to match that of the phosphate repletion phase, only to increase again over the next 12 hours due to phosphate depletion. This rapid sinking behavior contributes to carbon export and potentially allows diatoms to exploit nutrient-rich patches when encountering increased nutrient concentrations. We also observed a significant positive correlation (P< 0.001) between sinking rate and lipid content (R = 0.91) during the phosphate depletion and spike experiment. It appears that P. tricornutum regulates its sinking rate by increasing intracellular lipid content, particularly digalactosyldiacylglycerol, hexosyl ceramide, monogalactosyldiacylglycerol, and triglycerides. Additionally, P. tricornutum replaces phospholipids with more dense membrane sulfolipids, such as sulfoquinovosyldiacylglycerol under phosphate shortage. These findings shed light on the intricate relationship between nutrient availability, sinking behavior, and lipid composition in diatoms, providing insights into their adaptive strategies for carbon export and nutrient utilization.
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Introduction

Sinking is a crucial factor influencing the spatial distribution (Smayda, 1970) and vertical carbon flux of phytoplankton in the ocean, as well as their successional patterns and seasonal cycles across different size classes (Bienfang et al., 1982). Among these phytoplankton, diatoms are significant contributors to organic carbon production (Smetacek, 1999), accounting for approximately 20% of Earth’s total primary productivity and up to 40% of primary productivity in the oceans (Field et al., 1998). Their sinking behavior plays a critical role in the global carbon cycle, contributing around 40% of the export of particulate organic carbon to the mesopelagic and bathypelagic layers (Jin et al., 2006). However, the specific contributions of different diatom taxa to carbon export remain poorly studied.

Numerous environmental parameters, including temperature, salinity (Bienfang and Szyper, 1982), irradiance (Granata, 1991), and nutrient availability (Bienfang, 1981; Bienfang et al., 1982; Du Clos et al., 2021), significantly impact the sinking rate of diatoms. Nutrients, in particular, are essential for diatom growth and are closely linked to their photosynthetic and physiological status. It is widely recognized that diatoms exhibit lower sinking rates under nutrient-replete conditions. For instance, Skeletonema costatum, Chaetoceros gracile Schütt, and Ditylum brightwellii display significantly higher sinking rates under silicon-limited conditions, while nitrogen and phosphorus limitation reduce their sinking rates (Bienfang et al., 1982). Similarly, Coscinodiscus wailesii exhibits higher sinking rates under each of the three nutrient-limited conditions (Du Clos et al., 2021).

Various buoyancy regulation mechanisms have been proposed, primarily based on changes in cell density. These mechanisms include selective ion transport (Anderson and Sweeney, 1978), organic permeates generation (Boyd and Gradmann, 2002), carbohydrate ballast effect (Lavoie et al., 2016), opal accumulation (Turner, 2015; Tréguer et al., 2018), lipid accumulation (Anderson and Sweeney, 1977), active water molecule transport (Raven and Doblin, 2014), and periodic cell expansion (Lavoie and Raven, 2020).

Despite numerous studies investigating changes in diatom sinking rates in response to varying nutrient concentrations and buoyancy regulation mechanisms, most of these studies have focused exclusively on microphytoplanktonic diatoms (> 20 μm). The effects of different nutrient limitations on sinking behavior have not been explored in nanophytoplanktonic diatoms (2-20 μm) and picophytoplanktonic diatoms (< 2 μm). Notably, quasi-monotypic blooms of small diatoms (< 20 µm) have been observed in well-mixed environments at mid- and high-latitudes (Gould and Wiesenburg, 1990; Canovas et al., 1996; Buck et al., 2008; Daniels et al., 2015), with their frustules found in high abundances in sediment trap samples (Leblanc et al., 2018). These tiny diatoms play a crucial role in the microbial loop (Legendre and Le FÃƒÂ¨vre, 1995) and contribute significantly to global carbon export.

Phaeodactylum tricornutum (P. tricornutum), a pennate marine diatom, is a valuable model organism that is widely distributed in the marine environment, particularly in the coastal regions of the China Sea (Xue et al., 2018). Under certain environmental conditions, excessive growth of P. tricornutum can occur in coastal waters (Cai et al., 2009), exerting a significant impact on the aquatic ecosystem (Liu et al., 2015). In summer, phosphorus limitations are observed in some Chinese estuaries, such as the Yangtze River and Pearl River estuaries, due to high nitrogen and low phosphorus runoff (Wong et al., 1998; Xu et al., 2008). Moreover, the nutrient concentrations in these estuaries and adjacent waters vary spatially and temporally due to the convergence of ocean currents or interactions with the shelf edge (Chen et al., 2012). The effects of nutrient limitations and rapid changes in nutrient concentrations on the sinking rate of P. tricornutum, as well as its buoyancy regulation mechanisms, remain unclear.

P. tricornutum exhibits three morphotypes: fusiform, triradiate, and ovate (Lewin et al., 1958; Martino et al., 2007). Compared to typical diatoms, P. tricornutum has lower silica content, with only the ovate form possessing a frustule. Figure 1 illustrates the co-dominance of the fusiform and triradiate forms in the experiments. In this study, we investigated changes in the sinking behavior of P. tricornutum under nutrient-replete, nutrient-limited, nutrient-depleted, and nutrient-restored conditions using a single culture. We also examined intracellular parameters closely associated with cell density, including lipid, carbohydrate, and protein content and composition. Correlation analysis was applied to investigate the mechanisms underlying the buoyancy regulation of P. tricornutum.




Figure 1 | The morphotypes of codominant P. tricornutum in the present experiments.







Materials and methods




Diatom cultures

The diatom P. tricornutum was obtained from Shanghai Guangyu Biological Technology Co., Ltd. It was cultured in sterile natural seawater, supplemented with nutrients, trace metals, and vitamins following the f/2 recipe (Guillard & Ryther, 1962; Orlowska et al., 2017). The culture conditions for P. tricornutum included a temperature of 25 °C and a light-dark cycle of 12:12 hours.





Single nutrient depletion and spike experiments

The experiments aimed to analyze the effects of nutrient depletion (PO43- and NO3-) and subsequent recovery on P. tricornutum. To acclimate the cells to the experimental conditions, daily dilutions were performed using sterile natural seawater with consistent nutrient concentrations. This adjustment process lasted 2-3 days before each experiment, ensuring the biomass matched that of the previous day. The cultures were then transferred to glass bottles and diluted to a volume of 15 L with sterile natural seawater, while maintaining an initial cell abundance of approximately 105 cells per mL. The initial concentrations of nitrate, phosphate, and silicate for the phosphate-depletion and nitrate-depletion experiments were set at 50 µM, 2 µM, 50 µM, and 12 µM, 10 µM, 50 µM, respectively. Trace metals and vitamins were added based on the f/2 culture media. Throughout the nutrient-depletion experiments, non-limiting nutrients, trace metals, and sufficient vitamins were maintained to ensure only one nutrient became limiting. The strain was cultured under a light intensity of approximately 250 µmol photon m-2 s-1, with a 12:12 h light-dark cycle, at room temperature. The culture had a salinity of 28.5‰, a pH of 8.0, and was continuously stirred at 160 rpm. The first light exposure begins at time point zero. In the single nutrient depletion experiment, nutrient samples are collected every 12 hours, and cell abundance and transparent exopolymer particles samples are collected every 24 hours. Nutrient status was determined based on the growth rate of the cells, classified as: (1) nutrient-repletion (NR), representing log-phase growth; (2) nutrient-limitation (NL), with a growth rate of 0.3~0.1 d-1; (3) nutrient-depletion (ND), where the growth rate approached zero. When the growth rate neared zero, the missing nutrient was added to the culture to restore replete conditions. This process is referred to as a nutrient spike. Sinking rate, protein, carbohydrate, total lipid, and absolute quantitative lipidomics analyses were conducted at three nutrient statuses and five time points: nutrient-repletion, nutrient-limitation, nutrient-depletion, and 2, 6, 12, 18, and 24 hours after adding the limiting nutrient.





Growth conditions

Cell abundance was monitored using an automated cell counter from Shanghai RuiYu Biotech Co. Ltd. The growth rate (μ, d-1) was calculated daily using the following Equation 1:

 

where C₀ and C1 represent the cell concentrations at times t₀ and t1, respectively.

The optimal photochemical efficiency of photosystem II (PSII) was measured daily using water pulse amplitude modulated (PAM) fluorometry from Heinz Walz GmbH (91090 Effeltrich, Germany). Prior to measurement, samples underwent a 20-minute dark treatment to obtain Fm (maximum fluorescence) and F0 (minimum fluorescence). The maximum photosynthetic quenching capacity (Fv) was then calculated as the difference between Fm and F0.





Nutrient analysis

To analyze the nutrient content, water samples were filtered using 0.45 μm polycarbonate membranes. Thymol spectrophotometry (Osibanjo & Ajayi, 1980), Naphthylethylenediamine hydrochloride spectrophotometry (Tarafder & Rathore, 1988), molybdenum blue method (Holman, 1943), and silicon molybdenum blue method (Luke, 1953) were employed to measure the concentrations of nitrate, nitrite, phosphate, and silicate, respectively. The total nitrogen concentration was determined by summing the concentrations of nitrite and nitrate.





Sinking rate analysis

The sinking rate of the cells was determined using the SETCOL method outlined by Bienfang (1981). The SETCOL apparatus, as depicted in Figure 2, consisted of three opaque plastic columns measuring 1.0 m in length and with a volume of 1111 mL. Each column was filled with a homogeneous water sample efficiently. Following this, the columns were left undisturbed at room temperature for 3 hours. Precipitated samples were collected from the bottom, middle, and upper compartments of the columns by sequential drainage. The phytoplankton biomass in each compartment was determined by measuring chlorophyll-a concentration (Chl-a), and the sinking rate was calculated using the following Equation 2:




Figure 2 | The SETCOL apparatuses. The red arrows indicate the direction of liquid flow. Initially, the algal suspension was introduced into three opaque plastic columns using a vacuum pump. Once all three columns were filled, the vacuum pump and the bottom valve of each column were closed. Subsequently, the columns were left undisturbed at room temperature for a period of 3 hours. Following this, the two valves located in the middle and upper sections of each column were closed, and sequential samples were collected from the bottom, middle, and top sections of each column. Chl-a concentrations in these samples, as well as the initial algal suspension, were measured to calculate the sinking rate of microalgae. After completing the experiment, the three columns were rinsed with distilled water five times and prepared for future use.



 

where   represents the sinking rate in meters per day (m d-1),   denotes the biomass settled into the bottom compartment,   indicates the total biomass in the column, L signifies the column length in meters, and t represents the settling time in days.

For Chl-a analysis, the samples were filtered using 25 mm GF/F filters with a pore size of 0.65 μm under low vacuum pressure (< 0.04 MPa). Subsequently, the filtered samples were stored in the dark at -20 °C. After 24 hours of extraction with 90% acetone at -20°C, the Chl-a concentration was measured using a Turner-Designs Trilogy™ fluorometer (Caspers, 1970).





Transparent exopolymer particles (TEPs) analysis

Concentrations of TEPs were measured using a modified version of a previously established method (Passow and Alldredge, 1995). Triplicate 10 mL samples were filtered through 0.4 μm pore size polycarbonate filters under a low constant vacuum (< 0.02 MPa). The filters were then stained with 0.5 mL of a 0.02% Alcian Blue solution for 2 seconds. To eliminate excess dye, the filters were rinsed twice with 2 mL of distilled water. Next, the filters were subjected to an extraction process using 6 mL of 80% sulfuric acid for 2 hours. The absorbance of TEPs was determined at 787 nm using a spectrophotometer, with Xanthan gum serving as the standard.





Cell physiological and biochemical analysis

The cell morphology was analyzed using a scanning electron microscope (Model: TM-1000 Tabletop Microscope, company: Hitachi High-Technologies Corporation). To prepare the samples, 10 mL aliquots were filtered through 3.0 μm pore size isopore membrane filters and dried overnight. Subsequently, the filters were placed in a gold injector (Model: MSP-1S, company: Vacuum Device Inc) and coated with a thin layer of gold. Finally, the filters were subjected to scanning electron microscopy for photography.

Prior to protein, carbohydrate, and total lipid analysis, a pre-treatment process was applied to the algal sample. In brief, approximately 3 L of P. tricornutum cultures were passed through 0.4 μm pore size polycarbonate filters and washed thrice with distilled water. The filtered P. tricornutum cells were then dried at -70 °C under vacuum for 24 hours. Cell disruption was achieved through repeated freeze-thaw cycles. The cells were frozen below -20°C and subsequently thawed at approximately 4°C, repeating this process 3-4 times. This method utilized the formation of intracellular ice particles and the increased concentration of cytosolic salts to induce cell lysis and fragmentation.

Total lipids were extracted and quantified following the protocol described by Johnson and Wen (Johnson and Wen, 2009). Carbohydrate content was determined using the anthrone colorimetric technique as outlined in Laurentin and Edwards (Laurentin and Edwards, 2003). Protein quantitation was performed using the Lowry method (Waterborg, 2009).





Absolute quantitative lipidomics measurement

Triplicate samples were obtained from the cultures during the phosphate depletion and spike experiment. P. tricornutum cultures (~50 mL) were filtered through 25 mm diameter 0.2 μm hydrophilic Durapore filters, rinsed thrice with distilled water, and immediately flash-frozen and stored at -80 °C. Lipids were extracted from the filters using the methyl tert-butyl ether (MTBE) method (Matyash et al., 2008). Briefly, the filters were thawed at 4°C and mixed with 200 μL water, 240 μL methanol, and 800 μL MTBE. The mixture was sonicated at low temperature (30 min/once, twice). After centrifugation at 14000 g for 15 min at 10°C, the upper layer was collected and dried under nitrogen.

To analyze the lipids, ultra-high performance liquid chromatography (UHPLC) mass spectrometry (MS) was performed using an UHPLC Nexera LC-30A (SHIMADZU, Japan) coupled to a Q-Exactive Plus high-resolution mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA), following a previously reported method (Liu et al., 2022). Reverse-phase chromatography was employed for LC separation with a CSH C18 column (1.7 μm, 2.1 × 100 mm; Waters). The lipid extracts were re-dissolved in 200 μL of 90% isopropanol/acetonitrile, centrifuged at 14000 g for 15 min, and finally, 3 μL of the sample was injected.

The mobile phase consisted of acetonitrile–water (6:4, vol/vol) with 0.1% formic acid and 0.1 mM ammonium formate as solvent A, and acetonitrile–isopropanol (1:9, vol/vol) with 0.1% formic acid and 0.1 mM ammonium formate as solvent B. The initial mobile phase composition was 30% solvent B at a flow rate of 300 μL/min. It was maintained for 2 min, followed by a linear increase to 100% solvent B over 23 min, and then equilibrated at 5% solvent B for 10 min. Mass spectra were acquired using the Q-Exactive Plus in both positive and negative modes. The Electron Spray Ionization (ESI) parameters were optimized and preset for all measurements: source temperature at 300°C, the capillary temperature at 350°C, ion spray voltage at 3000 V, S-Lens RF Level at 50%, and the scan range set at 200–1800 m/z. For each full scan, 10 fragments (MS2scan, HCD) were collected. The resolution of MS1 was set at 70000 at m/z 200, and that of MS2 was set at 17500 at m/z 200.

To extract and identify the peaks of lipid molecules and internal standard lipid molecules, Lipidsearch (ThermoFisher Scientific, USA) was utilized. The main parameters were as follows: precursor tolerance: 5 ppm, product tolerance: 5 ppm, and product ion threshold: 5%. The raw data and the lipid category naming explanation for the absolute quantification lipidomics in the phosphate depletion and spike experiment are provided in Table S1 and  Data Sheet 1 in the Supplementary Material, respectively.





Data analysis

A Pearson correlation and one-way ANOVA were conducted using IBM SPSS Statistics 22.0 to examine the correlation between sinking rate and detecting parameters (Fv/Fm, growth rate, protein, lipids, carbohydrate, and TEPs) in the nutrient depletion and spike experiments, as well as to determine the differences in each parameter under different nutrient regimes. Significance was determined by ANOVA probabilities< 0.05. The normal distribution of the data was checked first, and log10 transformation was applied if necessary. For data that could not be transformed into a normal distribution, the Spearman correlation and the nonparametric Kruskal-Wallis ANOVA were employed. Data visualization was performed using the R programming language.






Results

P. tricornutum was acclimatized to the initial nutrients for 2 days before the nutrient-limitation experiments. The initial cell abundances were 2.34×105 and 1.05×105 cell ml-1 for phosphate and nitrate limitation, respectively. Figure 3 presents the cell abundance and growth rate data for these two experiments, while Figure 4 displays the limiting-nutrient concentrations and sinking rate data. The optimal photochemical efficiency of photosystem II (Fv/Fm), cellular contents (protein, carbohydrate, and lipid), and TEPs data are shown in Figures 5–7, respectively. The sinking rate, as well as the cell physiological and biochemical responses to nutrient depletion and spike, will be addressed separately below.




Figure 3 | Cell abundance and growth rate data for phosphate depletion-spike experiment (A) and nitrate depletion-spike experiment (B). PR, PL, PD, and PS represent phosphate repletion, phosphate limitation, phosphate depletion, and phosphate spike, respectively. NR, NL, ND, and NS represent nitrate repletion, nitrate limitation, nitrate depletion, and nitrate spike, respectively. These abbreviations apply to all figures.






Figure 4 | Limiting-nutrient concentrations and sinking rate data for phosphate depletion-spike experiment (A) and nitrate depletion-spike experiment (B). The total nitrogen concentration is the sum of nitrite and nitrate concentrations.






Figure 5 | The changes in optimal photochemical efficiency of photosystem II (Fv/Fm) throughout the phosphate depletion-spike experiment (black square) and nitrate depletion-spike experiment (red circle).






Figure 6 | The intracellular contents (protein, carbohydrate, and lipid) data for phosphate depletion and spike experiment (A) and nitrate depletion and spike experiment (B).






Figure 7 | The TEPs concentrations in the phosphate depletion-spike experiment (orange pillar) and nitrate depletion-spike experiment (green pillar).






Phosphate depletion and spike experiment

During the initial 72 hours of the experiment, P. tricornutum exhibited log-phase growth as a result of phosphate repletion (PR). The growth rate (Figure 3A) and Fv/Fm (Figure 5) initially increased but subsequently decreased. The mean values for the growth rate and Fv/Fm were 0.75 ± 0.34 d-1 and 0.52 ± 0.04, respectively. P. tricornutum rarely settled during the PR phase, with a mean sinking rate of -0.06 ± 0.13 m d-1 (Figure 4A). While the intracellular total lipid content remained stable, the protein and carbohydrate contents fluctuated (Figure 6A). The mean total lipid content was 0.16 ± 0.01 mg mg-1. Throughout the PR phase, the concentration of TEPs consistently increased (Figure 7).

After 72 hours of PR, the extracellular phosphate was depleted (Figure 4A), resulting in a significant decline in the growth rate and Fv/Fm to values of -0.08 ± 0.06 d-1 and 0.37 ± 0.01, respectively. This indicated that P. tricornutum faced constraints due to limited phosphate availability and reduced photosynthetic efficiency. Additionally, the sinking speed significantly increased from -0.21 ± 0.08 to 0.58 ± 0.10 m d-1 (P< 0.05). Under phosphate limitation (PL) conditions, there was minimal variation observed in carbohydrate and TEPs, while the protein concentration slightly decreased. Notably, the total lipid content significantly (P< 0.05) increased from 0.15 ± 0.01 to 0.25 ± 0.01 mg mg-1.

In the phosphate depletion phase (PD), following 72 hours of PL, the growth rate exhibited fluctuating increases, rising from -0.08 ± 0.06 to -0.03 ± 0.01 d-1 (Figure 3A). This fluctuation in growth rate could potentially be attributed to the re-release of restricted nutrients through cell fragmentation. Moreover, the sinking rate, total lipid content, and TEPs consistently increased, while the concentrations of protein and carbohydrate decreased.

Subsequent to the PD phase, a phosphate spike (PS) experiment was conducted. After the first 2 hours following the phosphate spike (R2h), both the growth rate and Fv/Fm significantly increased (P< 0.05). The growth rate rose from -0.03 ± 0.01 to 0.48 ± 0.08 d-1, while the Fv/Fm increased from 0.34 ± 0.01 to 0.47 ± 0.01. However, after 6 hours following the PS (R6h), both the growth rate and Fv/Fm began to continuously decline. Furthermore, after 18 hours of phosphate recovery treatment (R18h), the growth rate decreased to -0.06 ± 0.04 d-1, indicating a re-imposition of phosphate limitation on P. tricornutum. The sinking rate and total lipid content initially decreased, then increased during the PS phase. In contrast, the concentration of TEPs showed an initial increase followed by a subsequent decrease. After 12 hours of phosphate recovery (R12h), the sinking rate and total lipid content reached their lowest values of 0.01 ± 0.05 m d-1 and 0.16 ± 0.02 mg mg-1, respectively. However, with the re-imposition of phosphate limitation, the sinking rate and total lipid content increased again. The concentrations of protein and carbohydrates exhibited fluctuating changes during the phosphate recovery period.





Nitrate depletion and spike experiment

Compared to the phosphate depletion experiment, the nitrate depletion experiment showed similar trends in cell abundance, growth rate, Fv/Fm, and TEPs variations. During the initial stage of the experiment (nitrate repletion, NR) from 0 to 72 hours, there was a rapid increase in cell abundance and TEPs, while the growth rate, settling rate, and Fv/Fm remained high. After 72 hours of nitrate sufficiency, the growth rate of P. tricornutum significantly decreased (P< 0.05) from 0.70 ± 0.07 to 0.12 ± 0.02 d-1 (Figure 3B). Simultaneously, the Fv/Fm value declined from 0.46 ± 0.01 to 0.36 ± 0.02 (Figure 5), indicating nitrate limitation (NL) in P. tricornutum. The sinking rate decreased to 0.16 ± 0.10 m d-1, one-third of the rate under nitrate-replete conditions (Figure 4B). Under NL conditions, protein concentration (Figure 6B) and TEPs (Figure 7) remained almost unchanged, while total lipid concentration slightly decreased. However, carbohydrate content significantly (P< 0.05) increased from 2.00 ± 0.14 to 7.04 ± 0.46 mg mg-1.

After 72 hours of NL, the total nitrogen concentration and growth rate approached zero, marking the beginning of nitrogen depletion (ND). The sinking rate and intracellular content concentrations were within the range of measured values during NL. The TEPs concentration increased from 21.31 ± 0.05 × 103 to 26.01 ± 10.99 × 103 μg Xeq. L-1.

In the first 6 hours after the nitrate spike (NS), from 216 to 222 hours, the growth rate and Fv/Fm had regained values typical of the nitrate-replete state. The sinking rate of P. tricornutum exhibited a slight fluctuating increase, and the TEPs concentration slightly increased during this time. Between 6 and 24 hours after the NS, P. tricornutum continued to show log-phase growth while maintaining relatively high values of Fv/Fm. However, the sinking rate decreased from 0.24 ± 0.05 to -0.05 ± 0.06 m d-1. The intracellular contents and TEPs concentrations showed fluctuating changes during the NS period.





Relationship between sinking rate and physiological-biochemical parameters in the nutrient depletion and spike experiments

Figure 8A shows the correlations between sinking rate and physiological-biochemical parameters in phosphate depletion and spike experiments. The correlation plots reveal a significant positive relationship (P< 0.001) between sinking rate and lipid content (R = 0.91). Conversely, lipid content demonstrates a significant negative correlation (P< 0.05) with Fv/Fm (R = -0.77). Additionally, TEPs concentration exhibits a significant (P< 0.01) negative linear relationship (R = -0.89) with protein content.




Figure 8 | Correlation plots of sinking rate with physiological-biochemical parameters in phosphate depletion-spike experiment (A), and nitrate depletion-spike experiment (B). *: P< 0.05; **: P< 0.01; ***: P< 0.001. .



In Figure 8B, the correlations among parameters in nitrate depletion and spike experiments are presented. The results demonstrate significant positive associations (P< 0.01) between Fv/Fm and growth rate (R = 0.85). Furthermore, TEPs show significant negative correlations (P< 0.05) with protein content (R = -0.60) and sinking rate (R = -0.71). The carbohydrate concentration exhibits significant negative correspondences (P< 0.05) with Fv/Fm (R = -0.81).





Cell aggregation in the phosphate depletion and spike experiments

Figure 9 illustrates the overall cell population morphology in the four phosphate phases. In instances where phosphate was restricted and depleted, there was an enhancement in cell aggregation, resulting in a significant increase in the number of aggregates. However, within 24 hours after the phosphate spike, the number of cell aggregates decreased.




Figure 9 | The overall cell population morphology of P. tricornutum in the four time points: (A) phosphate repletion; (B) phosphate limitation; (C) phosphate depletion; (D) 24h after phosphate spike.







Lipid remodeling in the phosphate depletion and spike experiments

In the experiments involving phosphate depletion and spike, a significant correlation was observed between the settling rate and total lipid content. To further understand the buoyancy regulation mechanism of P. tricornutum, lipidomics analysis was conducted on the seven phases (PR, PL, PD, R2h, R6h, R12h, and R24h) of the phosphate depletion and spike experiment, and the findings are presented in Table 1. The lipid composition of P. tricornutum mainly consists of glycerophospholipids, glycerolipids, serol lipids, sphingolipids, saccharolipids, prenol lipids, and fatty acyls. Among these, glycerophospholipids, glycerolipids, sphingolipids, and saccharolipids exhibited higher abundances. During the transition from PR to PL and PD, the content of glycerolipids and saccharolipids gradually increased, particularly in subclasses such as triglyceride (TG), digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG), and sulfoquinovosyldiacylglycerol (SQDG). However, during the phosphate spike (PS) phase, the content of these lipids gradually decreased until 24 hours after PS, when their content began to rise again. Furthermore, subclasses such as phosphatidylinositol (PI) in glycerophospholipids and hexosylceramide (Hex1Cer) in sphingolipids exhibited similar trends of variation as these lipids.


Table 1 | The lipid composition and content (mg g-1) in the seven phases of the phosphate depletion and spike experiment: A) phosphate repletion (PR); B) phosphate limitation (PL); C) phosphate depletion (PD); D) 2h after phosphate spike (R2h); E) 6h after phosphate spike (R6h); F) 12h after phosphate spike (R12h); G) 24h after phosphate spike (R24h).



Figure 10 illustrates the correlations between the sinking rate and lipid subclasses during the phosphate depletion and spike experiments. The sinking rate demonstrated significant positive correlations with TG (R = 0.89, P< 0.01), cholesterol ester (ChE, R = 0.88, P< 0.01), stigmasterol ester (StE, R = 0.89, P< 0.01), Hex1Cer (R = 0.93, P< 0.01), phytosphingosine (phSM, R = 0.82, P< 0.05), DGDG (R = 0.86, P< 0.05), MGDG (R = 0.81, P< 0.05), coenzyme Q (Co, R = 0.94, P< 0.01), and fatty acid (FA, R = 0.91, P< 0.01).




Figure 10 | The correlations between sinking rate and subclasses of lipids during the phosphate depletion and spike experiments. *: P< 0.05; **: P< 0.01; ***: P< 0.001.








Discussion

It is widely acknowledged that nutrient concentration affects the sinking rate of phytoplankton. However, most studies have focused on investigating the response of large diatoms (> 20 μm) (Bienfang et al., 1982; Gemmell et al., 2016; Du Clos et al., 2019) to variations in nutrient concentration, neglecting the impact on nanophytoplankton (2-20 μm) sinking behavior, which plays a crucial role in nearshore carbon export (Gould and Wiesenburg, 1990; Boyd and Newton, 1995; Buck et al., 2008). Consequently, the buoyancy regulation mechanisms of nanophytoplankton remain poorly understood.

Our experiments on P. tricornutum revealed that a higher phytoplankton sinking rate was consistently associated with phosphate limitation or depletion. During the first 6 hours of phosphate spike, the sinking rate remained consistently high. However, after 12 hours of phosphate spike treatment, the sinking rate decreased to that observed during the phosphate repletion phase. Similar experimental results were also found in Coscinodiscus wailesii (Du Clos et al., 2021). When the ambient nutrient concentration increases suddenly, P. tricornutum may maintain a high sinking rate, thereby increasing nutrient flux. Once the internal nutrient reserves of P. tricornutum have replenished, it may decelerate its sinking rate, maximizing exposure to light and avoiding additional energy expenditure associated with sinking.

Under phosphate-limited conditions, P. tricornutum may control its sinking rate by regulating intracellular lipid content and composition. The sinking rate and lipid content exhibited a simultaneous increase and decrease, respectively, during the phosphate depletion and spike experiment. There was a significant (P< 0.001) positive correlation (R = 0.91) between the sinking rate of P. tricornutum and lipid content, consistent with the findings of Alipanah et al. (2018).

The limitation and depletion of phosphate not only increased the content of lipids but also altered their composition. Glycerophospholipids and saccharolipids were found to be essential components of the photosynthetic membranes (thylakoid lipidome) in phytoplankton (Boudière et al., 2014). The envelopes and thylakoid membranes of P. tricornutum chloroplasts primarily consisted of the following lipids (Table 1): 1) glycerophospholipids - phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylinositol (PI); 2) saccharolipids - MGDG, DGDG, and SQDG. When phosphate was scarce in the environment, a shortage of phosphate triggered an increase in the content of saccharolipids within the chloroplast, potentially contributing to phosphate storage. Additionally, the limitation or depletion of phosphate resulted in elevated levels of TG and Hex1Cer in P. tricornutum. A significant (P< 0.05) positive correlation was observed between the sinking rate of P. tricornutum and the concentration of MGDG, DGDG, TG, and Hex1Cer, which exhibited relatively higher levels. Therefore, under conditions of phosphate limitation, P. tricornutum may regulate its sinking rate by altering the levels of MGDG, DGDG, TG, and Hex1Cer.

Furthermore, P. tricornutum may modulate its sinking rate by substituting denser sulfolipids for phospholipids. In response to phosphate scarcity, P. tricornutum reduced its cellular demand for phosphate by substituting PG with SQDG. PG is an essential phospholipid in photosynthetic membranes due to its role as a cofactor in the photosystems (Alipanah et al., 2018). The sulfolipid SQDG partially fulfills the functions of PG during phosphate limitation (Van Mooy et al., 2009). From phosphate repletion to phosphate depletion, there was a significant increase in the ratio of SQDG to PG in P. tricornutum, rising from 1.1 ± 0.2 to 2.8 ± 0.4 (Table 2). This phenomenon has been commonly observed in cyanobacteria and eukaryotic phytoplankton such as Synechococcus, Prochlorococcus, Crocosphaera watsonii, Trichodesmium erythreum, Thalassiosira pseudonana, and Chaetoceros affinis (Table 2).


Table 2 | Ratios of sulfolipid to phospholipids (SQDG/PG) in phytoplankton cultures.



Comparing the physiological and biochemical analysis of the nitrate and phosphate depletion and spike experiments, similar and unique regulations were identified. In both experiments, the photosynthetic capacity initially decreased during nutrient depletion and then increased after nutrient spike. However, a renewed and sustained reduction in photosynthetic capacity occurred only after 6 hours of phosphate spike treatment. Moreover, after 24 hours of phosphate spike treatment, the photosynthetic capacity, growth rate, and sinking rate returned to levels observed during the phosphate-limited phase, indicating depleted extracellular phosphorus and re-entry into the phosphorus-limited phase.

During the P or N limitation and depletion phases of a batch culture of the diatom P. tricornutum, the accumulation of TEPs was observed. A similar collection in response to N or P deficiency was found in a study on Cylindrotheca closterium (Staats et al., 2000). TEPs, originating from microorganisms, particularly phytoplankton (Alldredge et al., 1993), exhibit high viscosity and can adhere to phytoplankton cells, forming aggregates (Passow, 2002; Simon et al., 2002; Bar-Zeev et al., 2011). This phenomenon is supported by changes in overall cell morphology observed in this study. Large aggregates significantly contribute to vertical carbon flux and are considered a key factor driving the downward flux of particulate organic carbon. However, due to their lower density compared to seawater, TEPs tend to remain in surface waters in the absence of ballasting by other particles and can even move upward (Mari et al., 2017). In the nitrate depletion and spike experiments, as the concentration of TEPs increased, the settling rate of P. tricornutum decreased, indicating a significant negative correlation between TEPs concentration and sinking rate (R = -0.71, P< 0.05).

Distinct cellular contents were also observed under P-depleted and N-depleted conditions. In P-depleted cells, protein biosynthesis was suppressed, possibly related to the inhibition of nitrogen uptake (Alipanah et al., 2018). These results align with a previous study on P deficiency in Aureococcus anophagefferens (Wurch et al., 2011). In N-depleted cells, intracellular carbohydrates were accumulated. Huang et al. also reported the accumulation of carbohydrates within Microcystis under nitrogen limitation (Huang et al., 2019).

Despite their small particle size (< 20 μm) and the absence of frustules in the fusiform and triradiate forms, P. tricornutum exhibited a faster sinking rate under phosphorus-depleted conditions compared to Skeletonema costatum, Ditylum brightwellii, and Chaetoceros gracile (Bienfang et al., 1982). Rapid sinking is highly efficient in transporting particulate organic carbon to greater depths (Passow and Carlson, 2012). P. tricornutum is predominantly found in near-coastal areas, including estuaries (Martino et al., 2007), where currents converge or impinge on shelf margins, resulting in highly spatially and temporally variable nutrient concentrations and P-limited dominance in summer, such as in the Yangtze and Pearl River estuaries (Wong et al., 1998; Xu et al., 2008). The ability to rapidly respond to changes in nutrient concentrations may be particularly advantageous for P. tricornutum to exploit patchy nutrient distributions, contributing significantly to carbon export under P-limited conditions.
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