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Respiratory activity in the oceans is declining due to the expansion of hypoxic zones and progressive deoxygenation, posing threats to marine organisms along with impacts of concurrent ocean acidification. Therefore, understanding the combined impacts of reduced pO2 and elevated pCO2 on marine primary producers is of considerable significance. Here, to simulate diatoms’ sinking into the aphotic zone of turbid coastal water, we exposed the diatoms Thalassiosira pseudonana and Thalassiosira weissflogii in darkness at 20°C to different levels of pO2 and pCO2 conditions for ~3 weeks, and monitored their biomass density, photosynthetic activity and dark respiration, and examined their recovery upon subsequent exposure to light at 20°C, simulating surface water conditions. Along with decreased cell abundance and size, measured photosynthetic capacity and dark respiration rates in these two diatoms both gradually decreased during the prolonged darkness. Reduced pO2 alone did not negatively affect the photosynthetic machinery in both the dark-survived diatom, and enhanced their subsequent recovery upon light exposure. Nevertheless, the combination of the elevated pCO2 and reduced pO2 (equivalent to hypoxia) led to the biomass loss by about 90% in T. pseudonana, and delayed the recovery of both species upon subsequent exposure to light, though it did not reduce the cell concentration of T. weissflogii during the elongated darkness. Our results suggest that reduced O2 availability diminishes the abilities of the diatoms to cope with the acidic stress associated with ocean acidification, and the expansion of hypoxic waters could delay the photosynthetic recovery of coastal diatoms when they are transported upwards through mixing from dark layers to sunlit waters.
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1 Introduction

Ocean global changes are exposing phytoplankton cells to multiple stressors, including deoxygenation (DeO2) triggered by warming and eutrophication, and ocean acidification associated with elevated pCO2 (Gattuso et al., 2015; Gao et al., 2019; Limburg et al., 2020). The decline in the dissolved O2 (DO) content of coastal seawaters is mainly attributed to the heterotrophic degradation of organic matter that settles out of the euphotic layer, inherently leading to acidification in hypoxic zones (Cai et al., 2011; Gobler and Baumann, 2016; Wang et al., 2017). Over the past 50 years, the oxygen content of the ocean has dropped by 1-7% (Keeling et al., 2010). This decrease has been more rapid and intensive in nearshore waters, resulting in the identification of over 500 hypoxic sites (defined by dissolved O2< 63 μM) (Diaz and Rosenberg, 2008; Gilbert et al., 2010; Breitburg et al., 2018), with some even extending into the euphotic layer (Ye et al., 2016).

Diatoms, contributing approximately 40% of marine primary production, play a crucial role in the food web and biogeochemical cycles (Duarte et al., 2013), and are particularly dominant along coasts where DeO2 is most severe (Broman et al., 2017; Wang et al., 2017). During diatom blooms, the depletion of nutrients, particularly silicate, renders the surface layer of the water column inhospitable, leading to a mass sinking of the diatom cells (Bienfang et al., 1982; Smetacek, 1985). Global surveys have revealed that living diatoms associated with fast-sinking mechanisms are widely distributed in the benthos (Agusti et al., 2015) and can survive for months in darkness (Katayama et al., 2015; Kennedy et al., 2019; Mou et al., 2022; Juchem et al., 2023). To maintain viability in prolonged darkness, diatoms and other phytoplankton groups typically reduce their metabolic output by adjusting their physiologies to conserve energy stocks (McMinn and Martin, 2013). In some extreme cases, phytoplankton can exhibit mixotrophy and generate resting spores to withstand harsh environments (McMinn and Martin, 2013; Raven and Beardall, 2022). Beyond sediment burial, the resuspension of settled phytoplankton induced by strong physical forces provides them advantages in shaping community structures and seeding future blooms (Preston et al., 1980; Malone et al., 1983; McQuoid and Godhe, 2004; Mestre and Hofer, 2021). In addition, changes in the concentrations of O2 and CO2 with depth have been suggested to influence diatoms’ physiology (Gao and Campbell, 2014; Sun et al., 2022). Therefore, investigating the fate of diatoms exposed to changing levels of pO2 and pCO2 (pH) during the sinking process is of ecological and physiological significance. During the settling process, diatoms appear to remain in a vegetative state, as the environment in hypoxic water columns is not favorable to spore formation (Kamatani, 1997; Oku and Kamatani, 1999), though diatoms have been reported to use nitrite respiration to form resting spores in dark anoxic conditions (Kamp et al., 2011, 2013), contributing to their dominance in coastal anoxic sediments (Broman et al., 2017). The negligible respiration demands for the minimal oxidative metabolism of phytoplankton (Falkowski and Raven, 1997) suggest that reduced O2 levels alone may not influence their tolerance to darkness. On the contrary, decreased O2 availability may benefit phytoplankton by slowing down the consumption of intracellular energy reserves. On the other hand, it is generally understood that the acidification associated with elevated pCO2 increases the energy demands to drive H+ extrusion (Taylor et al., 2012), which has been experimentally shown in diatoms (Wu et al., 2010; Goldman et al., 2017; Qu et al., 2021). Consequently, interactive effects of DeO2 and acidification are expected, and we hypothesize that the resistance of diatoms to concurrent acid stress with increased pCO2 may be affected by decreased pO2, since the availability of the latter impacts respiratory energy generation. By simulating the conditions under which diatoms sink in the darkness of turbid coastal water, we ran dark incubations for approximately 3 weeks with two diatom species, Thalassiosira pseudonana and Thalassiosira weissflogii, under different pO2 vs pCO2 levels, and found that concurrent ocean deoxygenation and acidification synergistically reduced the cell concentration and size of the diatoms in the dark with their respiration being suppressed.




2 Materials and methods



2.1 Dark incubation and recovery experiment

The coastal diatoms T. pseudonana (CCMP 1007) and T. weissflogii (CCMP 1336) obtained from the Center for Collections of Marine Bacterial and Phytoplankton (Xiamen University) were grown in 0.22 μm-filtered artificial seawater prepared according to the Aquil* medium (Sunda et al., 2005). T. pseudonana and T. weissflogii are widely chosen as typical organisms for research on phytoplankton physiology and physiological ecology. All chemicals used were purchased from Sinopharm Chemical, and the culture medium and vessels were sterilized by autoclaving (121°C for 20 min).

The experiment was run in prolonged darkness followed by a short period of light exposure (Supplementary Figure S1). Pre-cultures (2 L) were maintained at 20°C and 200 μmol photons m-2 s-1 (12:12 h light: dark cycle) in a plant growth chamber (HZ100LG, Ruihua, Wuhan, China) without aeration, and were diluted every one or two days with fresh medium to ensure exponential growth. After one week, diatoms were transferred into newly prepared medium (triplicate cultures, 1 L) at the end of photoperiod, and were then maintained in complete darkness for about 3 weeks with continuous aeration (100 mL min-1) at the targeted CO2 and O2 concentrations. The initial diatom cell concentrations were about 1.6 × 105 and 1.2 × 104 cells mL-1 for T. pseudonana and T. weissflogii, respectively. The diatoms were maintained under three treatments: (1) outdoor ambient air (AOAC, O2 = 217 μM, CO2 = 15 μM, pHT = 8.0); (2) low O2 & ambient CO2 (LOAC, O2 = 78 μM, CO2 = 14 μM, pHT = 8.0); (3) low O2 & high CO2 (LOHC, O2 = 58 μM, CO2 = 56 μM, pHT = 7.5). The low O2 level were around the hypoxic range, and combined levels of low O2 and high CO2 were set according to the modelled results for 2100 in coastal waters (Cai et al., 2011). The presented O2, CO2, and pHT values are averages from across the experiment. N2, CO2, and air were mixed proportionally to create the distinct and stable O2:CO2 combinations in the gas stream for aeration.

Recovery experiments from darkness to light were conducted following 516- or 528-hour dark culture. The cells of T. pseudonana and T. weissflogii were transferred into a 12:12 h cycle (light: dark) for 1 or 3 days, respectively (Supplementary Figure S1), in the cultures (150 mL) maintained at 20°C, 175 μmol photons m-2 s-1 without aeration.




2.2 Determination of dissolved O2 and carbonate chemistry parameters

A precise single-channel fiber optic oxygen sensor (Microx 4, PreSence, Germany) was used for measurement of dissolved O2. The pH was determined with a high-quality pH meter (Orion StarA11, Thermo, USA), calibrated with standard National Bureau of Standards (NBS) buffer solutions (Hanna). Filtered samples (Cellulose Acetate Membranes, 0.45 μM), fixed with saturated HgCl2 (V:V, 1000:1), were stored for total alkalinity (TA) measurement, which was conducted with a TA titrator (AS-ALK+, Apollo, SciTech). CO2 concentrations and pHT of the medium were estimated from the corresponding pHNBS and TA using CO2SYS software (Lewis et al., 1999) with the equilibrium constants K1 and K2 for carbonic acid dissociation from Millero et al. (2006).




2.3 Measurement of cell concentration, size and pigments content

Cell number and diameter were assessed using a Coulter Particle Count and Size Analyzer (Z2, Backman Coulter, USA). Pigment samples were filtered onto glass-fiber filters (25 mm, Whatman GF/F, USA) under a pressure of 0.01 MPa and stored at -20°C until analysis. Chlorophyll a (Chl a) and carotenoid concentrations were determined using an ultraviolet spectrophotometer (TU-1810S, Puxi, China) after extraction overnight at 4°C in absolute methanol, and were calculated as described according to Ritchie (2006) and Strickland and Parsons (1968).




2.4 Photosynthetic parameters measurements

Chlorophyll a fluorescence characteristics were determined using a Multiple Excitation Wavelength Chlorophyll Fluorescence Analyzer (MULTI-COLOR-PAM, Walz, Germany). Samples were dark adapted for 20 min before the measurements. The minimum fluorescence (F0) of the sample was measured with a weak probe pulse (~5 μmol photons m-2 s-1), and the maximum fluorescence (Fm) was then measured by applying a saturating light pulse of 8000 μmol photons m-2 s-1 (0.8 s), the maximum quantum yield of photosystem II (PSII) was estimated as:

	

Rapid light curves for relative electron transport rate (rETR, au) were measured at light intensities (PAR) ranging from 0-2442 μmol photons m-2 s-1 and each PAR exposure lasted for 30 s. The parameters were calculated according to Eilers and Peeters (1988):

	

Photosynthetic parameters, including the maximum rETR (rETRmax) and the photosynthetic light-harvesting efficiency (α) were calculated as:

	

and

	




2.5 Determination of mitochondrial respiration

A Clark-type oxygen electrode (Hansatech, UK) was used to measure dark respiration under the culture conditions. The rate of respiration was estimated based on linear O2 changes in the reaction vessel. Cells were filtered onto polycarbonate membrane filters (1.2 μm, Millipore, Germany) under a pressure of 0.01 MPa and subsequently re-suspended in fresh medium (2 mL) buffered with 20 mM Tris (pHT = 8.0 for AOAC and LOAC, pHT = 7.5 for LOHC) to maintain a stable pH during the measurements. The Tris-buffered medium was flushed with pure nitrogen and ambient air to achieve the targeted O2 levels.




2.6 Statistical analyses

Generalized additive models (GAMs), emphasizing patterns of physiological parameters over time, were constructed using the ‘mgcv’ package in R to analyze changes in physiology through the dark-phase (Wood, 2017). Linear mixed effects models (LMMs) from ‘nlme’ package in R were applied when parameters exhibited linear changes over time (Pinheiro and Bates, 2006). Pairwise comparisons between treatments and the control at each time point were conducted using the ‘itsadug’ package for GAMs or the ‘emmeans’ package for LMMs, respectively. Model building, selection, and validation followed the principles and guidelines outlined in Pinheiro and Bates (2006); Zuur et al. (2009) and Wood (2017). If necessary, the original data were subjected to a square root (SQRT) transformation. The selected models and corresponding results are provided in Supplementary Tables 1-6. Paired samples t-test (two-tailed, α = 0.05) was employed to identify differences between values during transitions from dark to light phase or within the light phase.





3 Results

The concentrations of O2 and CO2, and pH in the cultures of T. pseudonana and T. weissflogii were maintained at distinct levels among the treatments during the 21 or 22-day period of darkness (Supplementary Figure S1). Upon subsequent transfer of the cells to light, concentrations of O2 and pH increased, while concentrations of CO2 decreased (Supplementary Figure S1).



3.1 Changes in cell concentration and size

In the initial 12 hours of darkness, T. pseudonana and T. weissflogii cultivated under ambient O2 and ambient CO2 (AOAC) exhibited increases in cell concentrations of approximately 24% and 41%, respectively (Figures 1A,B and inset). Following this, the cell concentrations of AOAC-cultivated T. pseudonana gradually decreased, leading to a 57% loss by the end of prolonged darkness, compared to its peak value. In contrast, the cell concentration of AOAC-cultivated T. weissflogii remained relatively stable after the initial 12 hours of darkness, culminating in a 49% enhancement compared to the initial value. Based on the generalized additive models (GAMs), reduced O2 alone (LOAC) affected the temporal patterns of cell concentrations in T. pseudonana and T. weissflogii (Wald tests, p ≤ 0.0339, detailed p values are provided in Supplementary Tables 3 and 4), which was supported by the pairwise comparisons (Supplementary Figure S2A,B). However, at the end of prolonged darkness, the combination of reduced O2 and elevated CO2 (LOHC) exacerbated the decline of cell concentration in T. pseudonana to 90%. Meanwhile, LOHC led to a 61% increase in T. weissflogii, which was less than the enhancement achieved through reduced O2 alone (71%).




Figure 1 | Changes in cell concentrations (A, B) and diameters (C, D) of Thalassiosira pseudonana, and Thalassiosira weissflogii over time in prolonged darkness under different levels of O2 and CO2. AOAC (O2 = 217 μM, CO2 = 15 μM), LOAC (O2 = 78 μM, CO2 = 14 μM) and LOHC (O2 = 58 μM, CO2 = 56 μM) represent different treatments (indicated as different colors) during the dark period (the gray shaded parts), and the following white intervals between the grays represent the light phase (12 h, 175 μmol photons m-2 s-1). Data are the means ± SD, solid lines and shadows are predicted values from GAMs with 95% confidence intervals (n = 3 independent bottles).



After one cycle of re-illumination, significant increases in cell concentrations were exclusively observed in the diatoms grown under LOAC conditions (Figures 1A,B, Paired samples t-test, p = 0.0135, 0.0322). In contrast, LOHC-cultivated T. weissflogii failed to achieve any increase in cell concentration even after three cycles of re-illumination (Paired samples t-test, p = 0.0847), while AOAC- and LOAC-cultivated T. weissflogii increased their cell concentrations by 141% and 246%, respectively.

The cell diameters of both diatoms grown and surviving under different pO2/pCO2 levels sharply decreased over time during the extended period of darkness (Figures 1C,D). The cell diameter of T. pseudonana exhibited a short increase between the 12 and 24 hours of darkness and then decreased, culminating in 10%-12% decrease, compared to their peak values. In contrast, the cell diameters of T. weissflogii remained relatively stable after the initial decrease, ultimately reducing by 6%-9%. Although LOAC and LOHC affected the temporal pattern of cell diameters of both diatoms (Wald tests, p =<0.0001-0.4520), the impacts were relatively small (Supplementary Figure S2C,D). After one cycle of illumination, significant increases in cell diameters were observed in the diatoms grown under AOAC and LOAC conditions, with the latter showing better recovery (Figures 1C,D, Paired samples t-test, p = 0.0009-0.0446). However, LOHC-grown T. weissflogii failed to achieve increases in cell diameter even after three cycles of re-illumination (Paired samples t-test, p = 0.1293), while AOAC- and LOAC-cultivated T. weissflogii increased their cell diameters by 4% and 6%, respectively (Paired samples t-test, p = 0.0362, 0.0029).




3.2 Changes in photosynthetic pigments

The temporal patterns of chlorophyll a (Chl a) concentrations per volume of culture in T. weissflogii mirrored cell concentrations, whereas those in T. pseudonana remained stable throughout the period of darkness (Supplementary Figures S3A,B). During the prolonged darkness, the changes in carotenoid concentrations of these two diatoms were negligible (Supplementary Figures S3C,D). After one cycle of re-illumination, both Chl a and carotenoid concentrations in T. pseudonana cultures significantly decreased (Paired samples t-test, p = 0.0210-0.0370, 0.0228-0.0304). Only T. weissflogii cultivated under the LOAC condition demonstrated a significant increase in Chl a and carotenoid concentrations per volume of culture after three-cycles of re-illumination by 328% and 62%, respectively (Paired samples t-test, p = 0.0004, 0.0133).

Both the cellular Chl a and carotenoid contents of AOAC-cultivated T. pseudonana declined during the initial 12 hours of darkness, followed by an increase and subsequent stabilization (Figures 2A,C and insets). Notably, T. pseudonana cultured under LOHC conditions showed dramatic increases in cellular photosynthetic pigment content. By applying the linear mixed-effects models (LMMs) with data collected from 0-168 hours of darkness, it appeared that the effects of reduced O2 alone on contents of both photosynthetic pigments were time dependent (Wald tests, p< 0.0001, detailed p vales are provided in Supplementary Table 5), with negative effects observed at 72 hours of darkness while positive effects were apparent at 168 hours (Supplementary Figures S4A,C). However, under elevated CO2 level, the promoting effects of reduced O2 on cellular Chl a and carotenoid contents turned into neutral and negative impacts, respectively (Supplementary Figures S4A,C). The cellular contents of Chl a in AOAC-cultivated T. weissflogii gradually decreased throughout the prolonged darkness, culminating in a 24% reduction compared to its peak value. While T. weissflogii cellular carotenoid content decreased sharply when first under darkness, it then gradually increased (Figures 2B,D). Although the GAMs analysis indicated that LOAC influenced the temporal patterns of cellular Chl a content in T. weissflogii (Wald tests, p = 0.0030), the effect of LOAC was significant only in the early stages of prolonged darkness (negative) (Supplementary Figure S4B). In contrast, LOHC showed no effects on both photosynthetic pigment contents (Supplementary Figures S4B,D). Both the cellular Chl a and carotenoid contents of T. pseudonana under different pO2/pCO2 levels decreased after one cycle of re-illumination (Paired samples t-test, p = 0.0430-0.0912, 0.0338-0.0955), and only LOAC-cultivated T. weissflogii increased their cellular pigment contents after three cycles of recovery (Paired samples t-test, p< 0.0001, 0.0132).




Figure 2 | Changes in cellular chlorophyll a (Chl a) contents (A, B), Carotenoid contents (C, D) and Carotenoid: Chl a ratio (E, F) of Thalassiosira pseudonana, and Thalassiosira weissflogii over time in prolonged darkness under different levels of O2 and CO2. AOAC (O2 = 217 μM, CO2 = 15 μM), LOAC (O2 = 78 μM, CO2 = 14 μM) and LOHC (O2 = 58 μM, CO2 = 56 μM) represent different treatments (indicated as different colors) during the dark period (the gray shaded parts), and the following white intervals between the grays represent the light phase (12 h, 175 μmol photons m-2 s-1). Data are the means ± SD, solid lines and shadows are predicted values from GAMs with 95% confidence intervals (n = 3 independent bottles).



The carotenoid: Chl a ratio in T. pseudonana and T. weissflogii cultured under AOAC condition sharply decreased when the diatoms entered darkness, then gradually increased (Figures 2E,F). Particularly for T. weissflogii, the carotenoid: Chl a ratio decreased by 44%-48% within 12 hours of darkness. Reduced O2 alone significantly influenced the temporal patterns of carotenoid: Chl a ratio in both diatoms (Wald tests, p ≤ 0.0239), with the negative effects exacerbated with time (Supplementary Figures S4E,F). However, when combined with elevated CO2, the negative effects from reduced O2 on carotenoid: Chl a ratio diminished, even turning positive in T. pseudonana at the end of prolonged darkness (Supplementary Figures S4E, F). One cycle of re-illumination had little effect on the carotenoid: Chl a ratio of T. pseudonana (Paired samples t-test, p = 0.0074 -0.7864), and after three cycles of recovery, carotenoid: Chl a ratio of T. weissflogii increased by 18%-31%, approaching to their initial values (Figures 2E, F, Paired samples t-test, p = 0.0013-0.0099).




3.3 Changes in photosynthetic parameters

The maximum quantum yield of photosystem II (Fv/Fm) in AOAC-grown diatoms exhibited minor fluctuations throughout the prolonged darkness (~0.59-0.70 for T. pseudonana and 0.69- 0.74 for T. weissflogii) (Figures 3A,B). Reduced O2 alone showed no impact on Fv/Fm of T. pseudonana (Wald tests, p = 0.2170), while its combination with elevated CO2 led to a significant decrease (around 37%) in Fv/Fm after approximately 288 hours of darkness (Supplementary Figure S5A, Wald tests, p< 0.0001). Although the effects of reduced O2 under different CO2 levels on T. weissflogii were time-dependent (Wald tests, p< 0.0001, detailed p values are provided in Supplementary Table 6), no significant difference at most time points was observed (Supplementary Figure S5B). Upon re-illumination, the Fv/Fm of both diatoms declined, with cells grown under LOHC showing the most decrease, 23% for T. pseudonana and 42% for T. weissflogii, respectively (Figures 3A,B, Paired samples t-test, p = 0.0004-0.0067).




Figure 3 | Changes in Fv/Fm (A, B), rETR maximum (rETRmax) (C, D) and the photosynthetic light-harvesting efficiency (α) (E, F) of Thalassiosira pseudonana, and Thalassiosira weissflogii over time in prolonged darkness under different levels of O2 and CO2. AOAC (O2 = 217 μM, CO2 = 15 μM), LOAC (O2 = 78 μM, CO2 = 14 μM) and LOHC (O2 = 58 μM, CO2 = 56 μM) represent different treatments (indicated as different colors) during the dark period (the gray shaded parts), and the following white intervals between the grays represent the light phase (12 h, 175 μmol photons m-2 s-1). Data are the means ± SD, solid lines and shadows are predicted values from GAMs with 95% confidence intervals (n = 3 independent bottles).



Rapid light curves were employed to determine changes in photosynthetic capacity of diatoms over time during prolonged darkness and re-illumination (Supplementary Figures S6 and Supplementary Figure S7). The maximum rETR (rETRmax) and the photosynthetic light-harvesting efficiency (α) of AOAC-cultivated T. pseudonana initially increased at the onset of darkness, followed by a decrease, culminating in a 74% and 42% decline compared to their peak values, respectively (Figures 3C,E). Reduced O2 alone did not impact the rETRmax of T. pseudonana, while it altered the temporal pattern of α, with the negative impacts enhanced over time (Supplementary Figure S5C,E, Wald test, p = 0.0040). When coupled with elevated CO2, reduced O2 initially positively affected rETRmax and α but, after about 192 hours of darkness, it turned into negative (Supplementary Figure S5C,E, Wald test, p ≤ 0.0001), resulting in a 48% and a 46% decline compared to the control, respectively, at the end of prolonged darkness. The temporal pattern of rETRmax in T. weissflogii, cultivated under AOAC condition, mirrored that of T. pseudonana, while its α declined during the initial 24-hour darkness and then stabilized (Figure 3D,F). Reduced O2 alone affected the temporal patterns of rETRmax and α of T. weissflogii (Wald test, p ≤ 0.00293), with the negative impacts gradually turning positive (Supplementary Figure S5D,F). Notably, when combined with elevated CO2, reduced O2 initially showed a positive impact on both rETRmax and α, then effects turned negative and neutral, respectively (Wald test, p ≤ 0.0010, Supplementary Figure S5D,F), resulting in a 28% reduction in rETRmax compared with the control. Once again, the diatoms cultivated under LOHC condition exhibited the slowest recovery in photosynthetic activity upon light exposure, (Figures 3C–F).




3.4 Changes in dark respiration

The dark respiration rates of these two diatoms gradually decreased by about 19%-46% within the initial 48-72 hours of darkness and then remained relatively stable thereafter (Figure 4). The reduced O2 level, under both CO2 concentrations, had significant effects on dark respiration rates of both diatoms, and these effects varied with time (Supplementary Figure S8, Wald tests, p ≤ 0.0002). This was more evident for T. pseudonana, whose respiration rates were significantly inhibited only in the first 24 hours of darkness, while those of T. weissflogii were significantly reduced throughout the darkness (Supplementary Figure S8). Although elevated CO2 did not exhibit additional impacts under the reduced O2 conditions, it appeared to diminish the negative impacts on dark respiration rate in T. pseudonana (Supplementary Figure S8A).




Figure 4 | Changes in dark respiration of Thalassiosira pseudonana (A), and Thalassiosira weissflogii (B) over time in prolonged darkness under different levels of O2 and CO2. AOAC (O2 = 217 μM, CO2 = 15 μM), LOAC (O2 = 78 μM, CO2 = 14 μM) and LOHC (O2 = 58 μM, CO2 = 56 μM) represent different treatments (indicated as different colors) during the dark period (the gray shaded parts), and the following white intervals between the grays represent the light phase (12 h, 175 μmol photons m-2 s-1). Due to the dramatically loss in T. pseudonana after 168 hours of darkness, their respiration rate was not measured to avoid imprecise. Data are the means ± SD (n = 3 independent bottles).







4 Discussion

While the typical coastal diatoms T. pseudonana and T. weissflogii could survive 3 weeks in darkness, with the former showing greater vulnerability (Figure 1), reduced levels of O2 and pH exacerbated the biomass decline, especially in the smaller species, T. pseudonana.

Diatoms and other phototrophs typically experience diminished photosynthetic performance in response to prolonged darkness in cold environments (Jochem, 1999; McMinn and Martin, 2013), along with downregulation of molecular processes involved in the photosynthetic machinery, as in the polar diatom Fragilariopsis cylindrus (Mock et al., 2017; Kennedy et al., 2019). In the present work, we also observed that the photosynthetic electron transport capacity, measured as rETRmax and α, of both diatoms, declined with time during the elongated darkness at 20 °C (Figure 3), which is consistent with studies in the temperate diatom Phaeodactylum tricornutum (Nymark et al., 2013; Bai et al., 2016). However, maximum quantum yield (Fv/Fm) remained high, except for T. pseudonana at the end of the elongated darkness. This correlates with the changes in cellular Chl a content, which after an initial drop during the first 12 hours of dark incubation remained fairly steady (Figures 2 and 3). An exception was found in T. pseudonana exposed to LOHC conditions, where the cellular Chl a content rose strongly in the latter phase of the prolonged darkness, which correlated with the marked decrease in cell concentration of this species (Figure 1). Although the degradation of in vitro photosynthetic pigments has previously been shown to slow down under darkness and reduced O2 availability (Lee et al., 2014), our measurements did not distinguish between living and dead diatom cells, therefore the measured changes in the pigment content could only reflect that in the culture (i.e. that in dead as well as living cells in the medium). Discrepancies observed between cell and Chl a concentrations per volume of culture of T. pseudonana (Figures 1 and Supplementary Figure S3) in the later darkness period prompt caution in interpreting changes of biomass and quantum efficiency of PSII. Franklin et al. (2009) showed that in a number of microalgae (including T. pseudonana) the relationship between effective quantum yield (Fv’/Fm’) and the viability of cells was non-linear, with only minor declines (< 10%) in this parameter with up to ~50% dead cells in the culture. Based on the relationship between the proportion of dead cells and PS II efficiency of T. pseudonana (Franklin et al., 2009), the decrease in Fv/Fm by about 37% suggests a loss of about 60%-90% of biomass under LOHC. This aligns with our measured decline (88%) based on cell concentrations, suggesting that T. pseudonana exhibits limited resilience to darkness (Figure 1). The presence of broken cells trapped by GF/F membrane may affect the accuracy of Chl a concentration as a biomass indicator. Nevertheless, since the carotenoid: Chl a ratio of the two diatoms rose after prolonged darkness, an enhancement in antioxidant capacity could be expected (Katayama et al., 2011).

The consumption of stored energy reserves is an evolutionary adaptation of phytoplankton to periodic and stochastic events (Falkowski and Raven, 1997), influencing darkness tolerance (Jochem, 1999; Schaub et al., 2017). It is well-established that phytoplankton respiration decreases during prolonged darkness, whether the cells are vegetative or resting (Anderson, 1976; Peters, 1996; Kennedy et al., 2019). However, persistent consumption may ultimately lead to population collapse, as evidenced by increased mortality rates of Scenedesnmus acuminatus when intracellular carbon content reached a certain point (Dehning and Tilzer, 1989). Assuming a ratio of consumed O2 to organic carbon as 6:1, which is based on the reaction of aerobic respiration that uses glucose as the substrate, the estimated consumption of T. pseudonana in this work ranged from 0.63-1.16 pmol per cell throughout the whole prolonged darkness. This constitutes 45%-82% of the reported intracellular organic contents, a larger proportion compared to the consumption of T. weissflogii, which accounts for only 11%-37% (Hong et al., 2017; Li et al., 2018; Sun et al., 2022). The difference in intracellular organic carbon consumption is likely a key factor contributing to the observed greater darkness tolerance observed in T. weissflogii compared to T. pseudonana in this study (Figure 1). Diatoms have also been suggested to actively uptake organic carbon compounds such as amino acids and fatty acids from the medium (Price and Harrison, 1988; McMinn and Martin, 2013); such processes might have influenced the survival of the diatoms during the elongated darkness in this experiment.

The minimal oxidative metabolism required for sustaining phytoplankton viability is virtually negligible, achievable at nanomolar O2 levels (Falkowski and Raven, 1997; Wong et al., 2023). Consequently, diatoms should be able to adjust their respiratory cost by constraining respiration. The reduced O2 availability aided in such adjustment. On the other hand, elevated pCO2 associated with the acidic stress is known to enhance respiration rate of diatoms to accommodate the increased energy demands involved in maintaining intracellular pH homeostasis (Wu et al., 2010; Goldman et al., 2017; Qu et al., 2021; Gao et al., 2022). However, a recent study suggests that the increased respiration may not be sufficient to counteract the negative effects induced by acidic stress in darkness, as the cell growth rate of the diatom P. tricornutum decreased in a 48-hour period of complete darkness (Qu et al., 2021). Thus, the diminished energy supply resulting from reduced O2 availability may further weaken the ability of the diatoms to withstand acidic stress, leading to intensified biomass loss in T. pseudonana and delayed the recovery of both diatoms upon subsequent exposure to light in our experiment (Figure 1). Diatoms are renowned for their capability to form a resting stage in stressful environments, such as nutrient depletion and cold temperature (Chen et al., 2014; Ma et al., 2020; Wang et al., 2024). However, considering the relatively shorter duration of darkness and the milder stressors applied in our experiment, during the elongated darkness along with lowered levels of O2 and pH, the majority of the cells appeared to be in a vegetative state with minimal physiological activity. This is supported by the fact that the cells retained some photosynthetic ability even at the end of the dark exposure (Figure 3).

It should be noted that our results are only relevant to coastal hypoxic waters, since we did not set the temperature as low as in the dark open ocean, where the water temperatures are below 5 °C (Ma et al., 2023). The decomposition of vegetative cells in the diatom Ditylum brightwellii was shown to be decreased by lowering temperature from 15°C to 8°C, due to reduced respiration (Peters, 1996). Given the restricted energy supply under low O2, the abilities of vegetative diatoms to withstand acidic stress could be further dampened. The combination of colder (< 8°C) conditions and darkness was demonstrated to induce diatoms to form resting cells, including the diatom T. pseudonana used in the present work and other studies (Anderson, 1976; Chen et al., 2014). Recent research has indicated that the cellular energy supply plays crucial role in the transition of T. pseudonana from vegetive to resting stages in cold (5°C) and dark environments (Wang et al., 2024). Therefore, it is possible that progressive ocean deoxygenation in the open dark ocean would more likely induce settling diatoms to enter the resting stage.

The extensive sinking of algal cells following blooms may provide an opportunity for the microalgae to maintain their seed stock (Smetacek, 1985; McQuoid et al., 2002; McMinn and Martin, 2013). Notwithstanding, the intensifying hypoxia, marked by a decline in the pO2 and an increase in the pCO2, may pose a threat to the surviving strategy in view of the exacerbated impacts of the DeO2 and OA on the diatoms during the darkness (this work). In the East China Sea near Changjiang estuary, surface diatom blooms strongly correlate with bottom hypoxia (Wang et al., 2017). The hypoxic layer in the bottom water is notably thick, expanding to a depth of 5 m below the sea surface and overlapping with the euphotic layer (Pei et al., 2009; Ye et al., 2016). Considering the sinking rates (~1.5 m d-1) of diatoms (Riebesell, 1989), the time point during prolonged darkness can be mapped to depth. Based on this, our work could provide insights into the effects of the expanded hypoxic zone on the fate of diatoms as they descend from the euphotic layer in coast waters (Figure 5). Even in oxygenated water column, T. pseudonana could culminate in ~57% biomass loss before settling to the seabed. However, under hypoxic conditions, the biomass of surviving T. pseudonana is expected to decrease by an additional 79%. In contrast, that of T. weissflogii suggests a 24% increase in hypoxic waters. Even when deposited in anoxic sediments, diatoms can extend their survival by utilizing nitrate respiration and undergoing dark fermentation (Kamp et al., 2011, 2013; Bourke et al., 2017). This increases the likelihood of their resuspension in a healthy cell form under the influence of both physical and biological factors, potentially serving as a source for the next growth cycle. This phenomenon has been confirmed in shallower coastal areas and freshwater lakes (Preston et al., 1980; Peipoch and Ensign, 2022). However, the divergent fate observed in the mass sinking process, coupled with the delayed recovery of biomass and photosynthetic performance, suggests that ocean deoxygenation could impede the contributions of resuspended phytoplankton to the restoration of primary production and the re-oxidation of infiltrated hypoxic water (Figure 5).




Figure 5 | Scheme that illustrates the fate of diatoms as they sink into the hypoxic zone. The relative biomass is defined as  . GAMs were constructed to analyze the changes in biomass of diatoms during the sinking process. The relationship between depth and biomass was derived from the relationship between time and cell concentration, utilizing an reported diatom sinking rate of 1.5 m d-1 (Riebesell, 1989). Solid lines and shadows are predicted values from GAMs with 95% confidence interval. Blue dots indicate the dissolved O2 concentration in the hypoxic area of the East China Sea as recorded in August 2013 (Ye et al., 2016). The depth of the euphotic layer’s bottom was calculated based on a report by Pei et al. (2009), which studied the same region and season. White and brown arrows indicate directions and decrease, respectively.



While our results are laboratory-based and do not necessarily directly extrapolate to natural coastal hypoxic environments, they do suggest that reduced O2 levels weaken the ability of the T. pseudonana and T. weissflogii to withstand inherent acid stress from elevated CO2. Considering ongoing ocean climate changes, including ocean acidification, ocean warming, and the production of H2S under anoxic conditions, the imbalance between O2 availability and metabolic O2 demand may be exacerbated. Whether the observed effects are widespread among diatoms and other phytoplankton taxa remains to be examined. Future studies are expected to quantify changes in respiratory energy production of various diatom species under varying O2 levels and energy demands under different stressors to better understand the impact of ocean environmental changes on the “seed bank” of diatoms.
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