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The response of N2 fixation to projected future conditions in the ocean cannot be reliably predicted to date. We conducted a minicosm experiment with pre-acclimated cultures of the globally significant diazotroph Crocosphaera watsonii strain WH8501 (“Crocosphaera”). PH and temperature were altered simultaneously to match the RCP scenarios 4.5 and 6 and investigate a more realistic future scenario compared to studies that focus on changes of a single stressor only. The cell abundance and nitrogen metabolism of Crocosphaera was monitored over 5 days. Our results imply that Crocosphaera is able to simultaneously perform N2 fixation and assimilate dissolved inorganic nitrogen (DIN, i.e., nitrate and ammonium) under all the conditions tested and implies a competition with non-diazotrophic phytoplankton for DIN, which should be further investigated. Using NanoSIMS analysis of single cells, our results point towards a preference for DIN assimilation over N2 fixation under more acidic and warmer conditions. Overall, our results show that while the combined alteration of pH and temperature had a negative effect on the diazotroph’s growth and N2 fixation, Crocosphaera is likely to cope well with conditions in the future ocean. The high intra-population variability in nitrogen assimilation pathways may give this species the flexibility to quickly react to environmental changes.
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1 Introduction

As two consequences of climate change, ocean warming and ocean acidification can potentially alter biogeochemical cycles (Gruber, 2011). Compared to other N assimilation processes, N2 fixation is a highly energy intensive process (Großkopf and LaRoche, 2012). To meet their high energy demand, many diazotrophs possess carbon concentrating mechanisms to accumulate CO2, which is used to generate energy during photosynthesis (e.g. Czerny et al., 2009; Kranz et al., 2010). Elevated CO2 concentrations in the future, acidified ocean may facilitate the uptake of CO2, resulting in an increase in energy available for other processes like N2 fixation (Barcelos e Ramos et al., 2007; Hutchins et al., 2007; Levitan et al., 2007; Fu et al., 2008; Kranz et al., 2009). Ocean warming is predicted to intensify the stratification of the water column, which will likely reduce the nutrient supply to the surface from deeper waters (Sarmiento et al., 2004; Steinacher et al., 2010; Laufkötter et al., 2015; Li et al., 2020). Diazotrophs that are capable of using dinitrogen (N2) can thrive in N-limited regions in contrast to non-diazotrophic phytoplankton. Further, N2 fixation has the potential to partly counter the emerging N-limitation as it supplies new N to the surface ocean and sustains primary production (Zehr, 2011). By supplying reactive N, N2 fixation fuels the biological pump, which transports CO2 from surface water to the deep ocean, as dead biomass sinks. To date, it is still unclear how N2 fixation will respond to projected future conditions (Zehr and Capone, 2020). Given the importance of diazotrophy to keep the carbon cycle going, it is important to improve our knowledge on this issue to enable reliable predictions of the effects of climate change on primary production and the associated CO2 uptake and storage in the ocean (Wrightson and Tagliabue, 2020).

Crocosphaera watsonii (hereafter called Crocosphaera) is a cyanobacterial diazotroph dominant in tropical and subtropical regions of the ocean contributing to new nitrogen inputs globally (Zehr and Capone, 2020). N2 fixation in Crocosphaera cultures has been shown to increase with increasing CO2 concentrations (Fu et al., 2008; Garcia et al., 2013). However, field studies have found no effect of an elevated partial pressure of CO2 (pCO2) on natural diazotroph communities dominated by Crocosphaera (Böttjer et al., 2014). An explanation for this discrepancy could be an increase in pCO2 associated with a decrease in seawater pH. Shi et al. (2012), Hong et al. (2017) and Luo et al. (2019) have shown that the nitrogenase enzyme, responsible for N2 fixation, is sensitive to a pH decrease of 0.2–0.3 units and therefore the stimulating effect of elevated pCO2 levels is offset resulting in a decrease of N2 fixation.

Complicating matters further, climate change is expected to have other side effects besides acidification, of which the most impactful is warming (IPCC (Intergovernmental Panel on Climate Change), 2019). Many microbial metabolic processes are dependent on temperature (Brown et al., 2004; Regaudie-de-Gioux and Duarte, 2012) and warming influences phytoplankton growth and physiology (Eppley, 1972; Raven and Geider, 1988). As a result, an increase in temperature mostly has a stimulating effect on the growth of diazotrophs and N2 fixation, as long as temperature does not exceed the upper tolerance threshold of the species investigated, reported to be ~32–33°C for most diazotrophs (Fu et al., 2014; Gao et al., 2019). It seems plausible that enhanced diazotroph activity could mitigate the N-limitation resulting from intensified stratification. The process of N2 fixation is controlled by other nutrients as well, with iron and/or phosphorus often limiting diazotrophs’ activity (Sañudo-Wilhelmy et al., 2001; Mills et al., 2004; Luo et al., 2014). If diazotrophs are stressed by ocean warming, acidification and nutrient limitation and in response switch their N metabolism, this could potentially result in competition of diazotrophs and non-diazotrophs for DIN in a future ocean. Several studies have shown that nanomolar concentrations of DIN do not inhibit N2 fixation (Holl and Montoya, 2005; Dekaezemacker and Bonnet, 2011; Masuda et al., 2013) and that Crocosphaera is capable of DIN uptake and N2 fixation in parallel (Masuda et al., 2013, 2022), which supports the hypothesis that diazotrophs could be in competition with non-diazotrophic phytoplankton for DIN. As another consequence, N release by diazotrophs could be reduced and even less DIN would be available for other phytoplankton groups.

Most studies worked with cultured diazotrophs only and did not simulate in-situ conditions with multiple stressors. To date there are only few studies investigating combined stressors in more realistic scenarios (Boyd et al., 2018), but such studies are needed to reliably predict the future of N2 fixation and primary production in times of climate change, even though they might be difficult to conduct. Additionally, many diazotrophs thought to contribute significantly to global N2 fixation have not yet been cultivated (Zehr and Capone, 2020) and thus effects of climate change on these species remain unstudied and unpredictable. In this study, we investigate the effect of combined ocean acidification and warming on cultures of Crocosphaera with a focus on the potential competition between a unicellular diazotrophic species and non-diazotrophs for DIN. We aim here to simulate a more realistic climate change scenario by altering two variables simultaneously and follow the response of growth, N2 and carbon fixation and DIN assimilation of Crocosphaera.




2 Materials and methods

We conducted a minicosm experiment with cultures of the unicellular diazotroph Crocosphaera watsonii strain WH8501 (Waterbury and Rippka, 1989). Seawater used for the culturing of the species and the experiment was collected from the Mediterranean Sea in an acid-cleaned 1 m³ polyethylene tank. While the water was pumped into the tank it was filtered by 0.2 µm. Water from the tank was transferred to sampling or incubation containers (see below) by siphoning when needed and was filtered again by 0.2 µm before further use. Nutrient concentrations in the Mediterranean seawater were< 0.03 µM for nitrate and ~ 0.01 µM for phosphorus.



2.1 Growth and acclimation of cultures

Batch cultures of Crocosphaera were grown in nitrogen-free YBC-II medium prepared with 0.2 µm filtered sea water (Chen et al., 1996) at 26°C under a light:dark cycle of 12h:12h with a daytime photon flux of ~250 µmol photons m−2 s−1. Cultures were gradually adapted to lower phosphate concentrations than normally used in the YBC-II medium for 8 weeks to approximate natural phosphate concentrations. Nevertheless, to avoid phosphate limitation during the experiment, the final phosphate concentrations in experimental cultures was 25 µM. We tested three different scenarios in our experiment simulating representative concentration pathways (RCP) 2.6 (26°C and pH 8.1), 4.5 (28°C and pH 8.0) and 6.0 (30°C and pH 7.9) (IPCC, 2014), here called “low”, “intermediate” and “extreme” treatments. The cultures were acclimated to these experimental conditions for six weeks (~20 generations). Temperature in the cultures was increased from 26°C to 28°C and 30°C, respectively at a rate of 0.5°C per day. After eight days, the thermal acclimation was completed. From these temperature-acclimated cultures, we prepared new parent cultures by enriching water with CO2 until the targeted pH levels of 8.1, 8.0 and 7.9 were reached prior to the addition of diazotroph cultures. These new cultures were grown for another seven days, corresponding to about four generations and were then used to start the experiment.




2.2 Experimental setup

A detailed description of the experimental setup and daily sampling routine is given in Filella et al. (2024). In brief, we worked with eight cylindric minicosms with a volume of 40 l each (Figure 1). Every minicosm was equipped with a manual stirrer, a thermostat, a CO2 diffusor and a sensor to measure pH and temperature that were connected to an automated system (IKS aquastar, IKS Aquastar Computer System GmbH, Karlsbad, Germany). The IKS system autonomously monitored temperature and pH and maintained both parameters at the targeted levels by controlling the thermostat and CO2 diffusor in the tanks. In addition, every tank was continuously bubbled with air to avoid stratification inside the tanks.




Figure 1 | Experimental setup showing the minicosms under daylight conditions.



Two minicosms (1A, 1B) were used for the low treatment and three minicosms were used to simulate the intermediate (2A, 2B, 2C) and extreme (3A, 3B, 3C) treatment, respectively. The minicosms were kept in a temperature-controlled room with an ambient temperature of 24°C. Minicosms were placed in front of lights simulating a natural daily light cycle with sunrise and sunset in the surface ocean (Alpheus LED lamps, Montgeron, France), such that every tank received ~250 µmol photons m−2 s−1 during the daylight period. The light:dark cycle was 12h:12h. The actual experiment was run for one week (day −2 to day 5). One day before the start of the experiment (day −3), sea water, which had been filtered twice by 0.2 µm by then, was transferred into the minicosms from the reservoir tank. The 40 l minicosms were filled with 25 l of sea water each and nutrients and trace metals corresponding to the concentrations in the YBC-II medium were added. Phosphate was added to a final concentration of 25 µM only, corresponding to the concentration during the prior culturing process. Diazotroph cultures were added to the minicosms on day −2 (two days before daily measurements started) in a final concentration of ~1.5 × 104 cells ml−1 in each minicosm. On day −1, sodiumhydroxide solution (NaOH, 1 N of which 1 ml NaOH raised the pH by 0.06) was added to adjust the pH. Accordingly, 1 ml NaOH was added to tanks 2A and 2B, 1.5 ml to minicosm 2C and 0.5 ml to tanks 3A, 3B and 3C. The pH in the low treatments did not require an adjustment.

From day −2 to day 5, temperature and salinity were measured daily with a thermosalinograph. In addition, daily samples were taken from day −2 onwards to determine cell abundance of Crocosphaera via microscopy counts and pH via discrete spectrophotometry. In combination with measurements of total alkalinity (TA) at the beginning and end of the experiment (days −2 and 5), these pH measurements were used to monitor the carbonate chemistry. CO2 concentrations and other parameters of the carbonate system were calculated using the seacarb R package (Gattuso et al., 2023) and are reported in the companion study of this manuscript (Filella et al., 2024). Every other day, starting on day −2, samples for the determination of the natural abundance of δ15N and δ13C of particulate organic material (POM), concentrations of nitrite (NO2−), nitrate (NO3−), ammonium (NH4+), phosphate (PO43−), DON, dissolved organic phosphorus (DOP), as well as for counts of heterotrophic bacteria via flow cytometry were taken. Samples for nutrient concentrations were filtered by 0.2 µm and were stored frozen (−20°C) until analysis. Inorganic nutrient concentrations were measured with a segmented flow analyser (AAIII HR, Seal Analytical) according to Aminot et al. (2009), except from NH4+ concentrations, which were determined via fluorometry (Aminot et al., 1997; Holmes et al., 1999) directly after sampling. Concentrations of total dissolved nitrogen and phosphate were determined by high-temperature (120°C) persulfate wet oxidation mineralization (Pujo-Pay & Raimbault, 1994) and subtracting phosphate and nitrate concentrations from the total dissolved nitrogen and phosphate concentrations to obtain the correspondent dissolved fraction (DON and DOP concentrations). Detection limits were 0.02 µM for NH4+, 0.05 µM for NO3−, 0.01 µM for NO2−, 0.05 µM for PO43−, 0.02 µM for DON and 0.02 µM for DOP. The limit of detection corresponds to three times the standard deviation of more than 10 nutrient-poor surface samples. The limit of quantification is 10 times this measurement.

We further collected subsamples to measure bulk N2 fixation and carbon fixation rates and single-cell rates of N2 fixation, NO3– and NH4+-assimilation on day 0, day 2 and day 4. Prior to each sampling, the tanks were carefully homogenized with the custom-made stirrer to minimise adhesion to the walls of the tanks and sedimentation.




2.3 Bulk rate measurements

To determine community N2 fixation rates, the dissolved method was applied (Mohr et al., 2010; Klawonn et al., 2015). Two weeks prior to the experiment, 15N enriched seawater was prepared in 600 ml Schott bottles equipped with a septum cap by filtration (0.2 µm) of water collected from the Mediterranean Sea and subsequent adjustment of the pH to the three target scenarios by bubbling with CO2. Six ml of 15N2 gas were added to every bottle with a gas-tight syringe. Bottles were shaken vigorously for one minute and then stored horizontally at 4°C until usage during the experiment.

During the actual experiment, 30 ml of enriched seawater was siphoned into 300 ml polycarbonate bottles and 30 µL of NaH13CO3 (0.1 M) was pipetted into the bottles prior to sampling. Bottles were then filled directly from the minicosms until overflowing, avoiding air bubbles, and sealed gas-tight with a septum cap. The bottles were then incubated for 24 h in water baths set to the target temperature of the respective treatment, receiving the same light:dark cycle as the minicosms. After the incubation, bottles were inverted several times and 12 ml of the sample were removed with a pipette and transferred to an Exetainer® for the determination of the 15N enrichment in the water via membrane inlet mass spectrometry (MIMS). Afterwards, the whole water sample was filtered onto precombusted (450°C, 4 h) GF/F filters (Advantec GF-075, nominal pore size 0.3 µm) with a peristaltic pump. Filters were then placed into Eppendorf tubes and stored at −20°C until analysis via isotope ratio mass spectrometry (IRMS).

Bulk N2 fixation rates were calculated after Montoya et al. (1996) as following (Equation 1):



Where A = atom% 15N in the particulate organic nitrogen (PN) at the end (final) or beginning (t = 0) of the incubation or in the dissolved N2 pool (N2).

Bulk carbon fixation rates were calculated after Collos (1987) as follows (Equation 2):



Where VC is the specific uptake rate (carbon uptake per unit particulate carbon per unit time), 13Cfinal is the concentration of 13C in atom% in the sample after incubation, 13Cinitial is the concentration of 13C in atom% at the beginning of the incubation, hence the natural abundance of 13C in the sample, DIC – 13Cinitial is the concentration of 13C in the dissolved phase, and t is the incubation time. To obtain the transport rate of C normalized to biomass, VC(t) is then multiplied by the concentration of particulate organic carbon (POC).




2.4 Single-cell rates of N2 fixation, nitrate and ammonium assimilation

Single-cell analyses were performed on only one sample per treatment, which was collected from either 1A, 2B or 3C, respectively.

For the determination of single-cell N2 fixation rates, 6 ml of 15N enriched sea water, prepared as explained in the previous subsection, was added to 60 ml glass vials, which were then filled with water from the respective minicosm until overflowing. Vials were sealed gas-tight, inverted 30 times to mix the sample and placed into the incubators matching the respective scenario for 24 hours. Samples where then filtered onto 0.2 µm pore-size 25 mm diameter polycarbonate filters using a peristaltic pump. Filters were preserved with 2 ml of a 4% paraformaldehyde solution and stored at −20°C until analysis via nanometer-scale secondary ion mass spectrometry (NanoSIMS).

For NO3− and NH4+ assimilation rates, water was collected from the minicosms in 60 ml glass vials before noon every other day over the course of the experiment. Na15NO3 or 15NH4Cl, respectively, was added to a final concentration of 0.03 µM and vials were inverted 30 times before being placed in the incubators. Samples for the analysis of NO3− uptake were incubated for 3–4 hours, while the incubation of samples enriched with 15N-NH4 was terminated after 2 hours. The incubation covered the period of maximum daylight, when phytoplankton is thought to be most active in terms of nitrogen assimilation (Cochlan et al., 1991). Incubations were terminated by filtration of the whole sample onto polycarbonate filters (same as for N2 fixation rates). Filters were handled in the same way as described for N2 fixation rates.

As a first step for NanoSIMS analysis, regions of interest (ROIs) were marked on sample filters using a laser dissection microscope (Leica LMD 7000). Healthy cells, detected by active fluorescence of Chlorophyll a and phycoerythrin, were identified and marked. At least 20 cells per filter were analyzed. A 10 mm piece was cut out of the filter, mounted onto an aluminum stub equipped with a conductive graphite sticky tape layer and sputtered with 30 nm gold with a Cressington 108 auto Sputter Coater (Watford, United Kingdom) to ensure conductivity. Filters were then placed into the NanoSIMS for the analysis of 15N and 13C enrichment with a Cameca NanoSIMS 50 L (Cameca, Paris, France). Every third sample is a natural abundance sample without tracer, hence a known ratio of heavy to light isotopes (in my case 13C/12C and 15N/14N) for quality control of the measurement. The lateral resolution of the NanoSIMS goes down to 50 nm. The precision of the measurements was calculated as three times the standard deviation of natural abundance samples and was 0.001 atom% for 13C and 0.0003 atom% for 15N. Images of secondary ion (12C−, 13C−, 12C14N−,12C15N−, 31P−,32S−) as well as secondary electrons were recorded simultaneously using mass detectors equipped with electron multipliers (Hamamatsu) for the ions. The mass resolving power was adjusted to be sufficient to suppress interferences at all masses, allowing e.g., the separation of 12C15N− from interfering ions such as 13C14N−. Prior to the analysis, sample areas of 50×50 µm were sputtered for 10–15 min with 600 pA to erode the gold, clean the surface and reach the steady state of secondary ion formation. The primary ion beam current during the analysis was 1 pA. The scanning parameters were 512×512 pixels for areas of 45×45 to 49×49 µm, with a dwell time of 250 µs per pixel. 60 planes were analyzed and accumulated using the software Look@NanoSIMS (Polerecky et al., 2012). The planes were checked for inconsistencies and the drift was corrected. ROIs were defined based on 12C14N in combination with 31P and 12C as templates by applying the interactive thresholding function of the software. Where automatic cell identification was difficult the other ion pictures, the secondary electron pictures before and after implantation (not shown) as well as the fluorescence images (supplementary picture 2) were taken into account. If the cells were located right next to each other the ROIs were defined manually. Thus, each ROI represents a securely identified single Crocosphaera cell. In those cases, where the cells were located right next to each other or were slightly overlapping, the ROIs were defined manually. Isotope enrichment (13C, 15N) in atom% was obtained from ion counts accumulated over all ROI pixels and over all selected planes by the software.

Single cell rates of N2 fixation were calculated in the same way as bulk rates as explained in the previous section, but for a single cell in fmol cell−1 d−1. NO3− and NH4+ uptake rates were calculated following the same principal after Dugdale and Wilkerson (1986) as (Equation 3):



Where VN (t) is the specific uptake rate (N taken up per unit particulate N per unit time), 15Nxs, sample is the atom% excess in the sample (15Nxs, sample = 15Ns – F with 15Ns being the atom% 15N in the sample), 15Nxs, pool is the atom% 15N in the initially labelled fraction, F is the natural abundance of 15N and t is the incubation time. NH4+ uptake rates per hour were calculated assuming a NH4+ concentration of 0.02 µM, as concentrations were below detection limit at all times during the experiment.

The volumetric rate ρN (t) (N uptake in concentration units) was then calculated using V (t) and the PON concentration of the respective cell (Equation 4):



The carbon content of Crocosphaera cells (POC) was obtained from cell biovolume derived from its equivalent spherical diameter (Sun and Liu, 2003) directly measured on the nanoSIMS images and using a volumetric carbon content of 360 fg C µm−3 according to Verity et al. (1992). The cell nitrogen content (PON) was calculated assuming an average C/N ratio of 5.5 (Dekaezemacker and Bonnet, 2011; Knapp et al., 2012). To extrapolate rates to daily rates, we multiplied by 12 hours for NO3− and NH4+ uptake rates and by 24 hours for N2 fixation rates.

To test for significant differences of uptake rates between the treatments, a Kruskal-Wallis test was applied using the “kruskal.test()” function from the package “stats” in the software R (R Core Team, 2023). Subsequently, a Wilcoxon Rank Sum test was done using the function “pairwise.wilcox.test()” from the package “stats” (R Core Team, 2023) for pairwise comparisons.





3 Results

The temperature in the tanks was quite stable over the course of the experiment and was close to the target scenarios (Figure 2). The pH was more variable at the beginning of the experiment due to mixing processes with air during the filling of the tanks, but stabilized after the addition of NaOH on day −1. At the start of the experiment on day 0, the pH clearly differed between the three scenarios and was close to the respective target values (Figure 2). The pH was well controlled by the IKS system over the course of the experiment and stayed relatively constant at the targeted values.




Figure 2 | Daily measurements of temperature (obtained with a thermosalinograph) and pH (obtained by discrete spectrophotometry) in the different minicosms over the course of the experiment.



Phosphate concentrations stayed constant around 20 µM in all minicosms of the low and extreme treatments and minicosms 2A and of the intermediate treatment during the experiment. However, phosphate concentrations were around 28 µM in the intermediate treatment in minicosm 2B and minicosm 2C (only on day 3) over the course of the experiment (Figure 3). Ammonium concentrations remained below the detection limit (0.02 µM) in all minicosms (data not shown). Nitrate concentrations were more variable, with a tendency to an increase after day 2 (Figure 3), probably due to degradation of dead biomass. The high nitrate concentration in the extreme treatment on day 3 is likely the result of some kind of contamination and was not considered in further evaluation.




Figure 3 | Phosphate and nitrate concentrations in the different minicosms over the course of the experiment. The colours of the bars represent the three different treatments. Blue is the control treatment, yellow is the intermediate treatment and red is the extreme treatment. The mean between replicates minicosms is marked in each boxplot by a black horizontal line and the minimum and maximum are marked by the edges of the boxes. Outliers (exceeding the 95% confidence interval) are shown by the whiskers of the boxplots.



The abundance of Crocosphaera increased in all treatments from day −2 until day 0 (Figure 4). The increase was stronger in the low and high temperature scenarios than in the intermediate one. However, while cell abundance reached a plateau between day 0 and day 2 in the low and high temperature treatments and dropped after day 2, cell abundance continued to increase in the intermediate treatment until day 4. The decrease of cells was strongest in the high temperature treatment. The abundance of bacteria increased in the first two days after filling of the tanks and stayed relatively constant around 7.5 × 106 cells ml−1 over the course of the experiment (Figure 5). A slightly higher abundance of bacteria was observed in the extreme treatment (Figure 5).




Figure 4 | Abundance of Crocosphaera cells in the different minicosms over the course of the experiment. The colours of the bars represent the three different treatments. Blue is the control treatment, yellow is the intermediate treatment and red is the extreme treatment. The mean between replicates is marked in each boxplot by a black horizontal line and the minimum and maximum are marked by the edges of the boxes. Outliers (exceeding the 95% confidence interval) are shown by the whiskers of the boxplots.






Figure 5 | Abundance of heterotrophic bacteria in the different minicosms over the course of the experiment The colours of the bars represent the three different treatments. Blue is the control treatment, yellow is the intermediate treatment and red is the extreme treatment. The mean between replicates is marked in each boxplot by a black horizontal line and the minimum and maximum are marked by the edges of the boxes. Outliers (exceeding the 95% confidence interval) are shown by the whiskers of the boxplots.



Bulk N2 and carbon fixation rates were maximal in the intermediate treatment on day 2, mirroring the behavior of cell abundance (Figure 6). Both metabolic rates were highest in the intermediate treatment at all three sampling points, while they were lowest in the low treatment at the beginning of the experiment (day 0). On days two and 4, N2 fixation rates were lowest in the extreme temperature treatment, but carbon fixation rates were still lowest in the low treatment on day 2. The variability of N uptake rates among the different cells within the Crocosphaera population was high (Figure 7). While both NO3− and NH4+ uptake rates were quite similar between treatments and were drastically reduced to almost zero on day 4, cell-specific N2 fixation rates gradually increased in the intermediate treatment and did not drop after day 2 in contrast to the bulk rates (Figure 7). Unexpectedly, cell-specific NO3− uptake rates were up to 10-fold higher than cell-specific NH4+ uptake rates (Figure 7). There was no clear or consistent pattern in N uptake rates between treatments or experimental days (Mann-Whitney-U test, Supplementary Table S1). NO3− uptake rates were lowest on day 4 in the intermediate treatment, where N2 fixation was still high. NH4+ uptake rates were significantly higher in the extreme than in the low treatment on day 2 (Mann-Whitney-U test; p = 0.006), before a decline to almost 0 on day 4.




Figure 6 | Bulk N2 and C fixation rates in the different minicosms at the three sampling points. Blue is the control treatment, yellow is the intermediate treatment and red is the extreme treatment. The mean between the replicates is marked in each boxplot by a black horizontal line and the minimum and maximum are marked by the edges of the boxes. Outliers (exceeding the 95% confidence interval) are shown by the whiskers of the boxplots.






Figure 7 | Cell-specific rates in fmol cell −1 day −1 for N2 fixation, NO3− assimilation and NH4+ assimilation (from left to right). Outliers are shown as grey dots. Blue is the control treatment, yellow is the intermediate treatment and red is the extreme treatment. The mean per treatment is marked in each boxplot by a black horizontal line and the minimum and maximum are marked by the edges of the boxes. Outliers (exceeding the 95% confidence interval) are shown by the whiskers of the boxplots.






4 Discussion

We applied a new approach that mimics conditions closer to the natural environment to investigate simultaneous effects of ocean warming and acidification on Crocosphaera. Simulating distinct pH and temperature climate change scenarios, we studied the combined effect of these stressors on DIN uptake in Crocosphaera, which to the best of our knowledge, had not been done before. To our surprise, we observed different preferences for distinct DIN sources (e.g., N2, NO3− and NH4+) depending on the treatments and experimental time.



4.1 Effects of warming and acidification on the growth and N2 fixation of Crocosphaera

In all treatments, cell numbers increased exponentially from days −2 to 0 (Figure 4). Interestingly, the change in cell abundance was similar between the low and extreme treatments while the cells in the intermediate treatment behaved differently (Figure 4). Cell abundance declined in the low and extreme treatments but increased continuously in the intermediate treatment, which could indicate that conditions in the intermediate treatment were optimal for the growth of Crocosphaera. Indeed, it has been shown that optimum growth temperature for this species ranges between 28 and 30°C (Fu et al., 2014). The rapid decline of cell abundance in the extreme treatment after day 2 however implies that a temperature of 30°C in combination with a low pH repressed the growth of Crocosphaera, which is confirmed by the response of N2 fixation rates (Figure 6). N2 fixation rates were highest in the intermediate treatment and showed a similar behavior between the low and extreme treatments (Figures 6, 7). Somehow, cell-specific N2 fixation rates in the intermediate treatment continued to increase after day 2, while bulk rates showed a slight decrease towards the end of the experiment. Nevertheless, N2 fixation rates in the intermediate treatment were always significantly higher compared to the low and extreme treatments on days 2 and 4 (Supplementary Table S1), stressing that N2 fixation in Crocosphaera was enhanced by an increase in pCO2, but only if temperature did not exceed 28°C. Phosphate concentrations barely decreased during the experiment, implying that this nutrient was in excess and not limiting (Figure 3), and no other bacterial growth was noted (Figure 5). Changes of growth and N metabolism of Crocosphaera are therefore attributed to the alteration of potential stressors in our experiment. However, cells grown in batch incubations without continued nutrient additions, slowly consume limiting elements contained in the culture medium (YBC-II), including vitamins and trace metals such as iron which might cause cultures to end collapsing.

The trend of bulk carbon fixation rates over the course of the experiment was similar to that of N2 fixation, with highest rates in the intermediate treatment and a sharp decline in the extreme treatment after day 2. However, unlike N2 fixation rates, carbon fixation rates in the low treatment continued to increase after day 2, implying that cells were still fixing CO2 but might have stored sufficient nitrogen or alternatively use a different nitrogen source. While an increasing temperature up to 30°C alone does not seem to reduce the growth or N2 fixation of this diazotroph (Fu et al., 2014), the combined alteration of temperature and pH in our experiment seems to have stressed cells to some extent and reduced their tolerance towards higher temperatures. This finding is supported by the high expression of stress-induced protein genes such as heat shock chaperones in the low and extreme treatments reported by the companion study to this experiment (Filella et al., 2024). Our rates fall within the range of global N2 fixation rates reported by Shao et al. (2023), but while maximum rates from the intermediate treatment are similar in magnitude as most of the rates reported globally, rates from the other two treatments rather fall within the lowest rates summarized in Shao et al. (2023). This supports the observation that the low and extreme treatments represented stressful conditions for Crocosphaera.

Due to the setup of our experiment, we cannot clearly separate the effects of temperature and pH, but it seems that temperature has a greater impact on the growth and N assimilation activity of Crocosphaera than pH, at least within the ranges tested in this study, which are likely quite common in the surface ocean due to production and degradation processes and upwelling of deep water. Global diazotroph nifH gene abundance and, random forest algorithms created to estimate diazotroph distribution indicate that sea surface temperature is the most important predictor of UCYN-B (Crocosphaera) abundance Tang et al. (2019) and Bopp et al. (2022) stress the role of temperature in controlling the resource cost for nitrogen fixation, which confirms our suggestion. Temperature in the low treatment was below the optimum for this species (~28°C; e.g., Waterbury and Willey, 1988; Falcon et al., 2005; Webb et al., 2009), while temperature in the extreme treatment was still within the temperature growth range reported for Crocosphaera (Fu et al., 2014). In accordance with previous studies, our results showed that 28°C was the optimum temperature for growth as well as for carbon and N2 fixation by Crocosphaera. The slightly reduced pH in this scenario (7.9) seems to have had no negative effect on the diazotroph, as cells continued growing steadily. Still, the rapid decline of cell numbers as well as carbon and N2 fixation rates in the extreme treatment seems to confirm the hypothesis that the combination of elevated temperature and reduced pH was stressful for Crocosphaera. Contradictory to our results, Levitan et al. (2010) observed that high pCO2 increased N2 fixation rates independently of temperature (25°C or 31°C) in Trichodesmium sp. This points to a species-specific response of N2 fixation to climate change conditions and argues against general reactions of all diazotrophs like often applied in models simulating the future of N2 fixation and primary production. However, it is difficult to draw conclusions from only two experiments, especially as the volumes used to test scenarios were very different between our study and the one of Levitan et al. (2010). Our results hint that a combined alteration of pCO2 and temperature possibly affects Crocosphaera differently than changes of a single stressor alone, but more studies are needed to fully understand the consequences of environmental changes on this species and other diazotrophs. Enzymes and membrane proteins will be involved in shaping the response of microbial communities to warming and ocean acidification (Hutchins and Sañudo-Wilhelmy, 2022). For example, there is evidence that future declines in pH could impact the carbon concentrating mechanisms in phytoplankton (Hutchins and Sañudo-Wilhelmy, 2022). Further, warming increases the carboxylase turnover rate of RuBisCO favoring photorespiration (Galmés et al., 2015) and ocean acidification may reduce the efficiency of the nitrogenase (Luo et al., 2019). It is unclear at the moment, how much energy marine microbes are currently allocating to counteract the physiological effects of simultaneous increase in temperature and decrease in pH and how much this investment will need to increase in the future (Hutchins and Sañudo-Wilhelmy, 2022).




4.2 DIN assimilation and potential competition between diazotrophs and non-diazotrophs

DIN uptake rates were determined to investigate the competitive effect with other photoautotroph species of combined temperature and pH on the DIN uptake of Crocosphaera. In general, although both NO3− and NH4+ were assimilated, we did not find a clear switch in N metabolism under the scenarios tested. Thus, an interesting finding is that while single-cell N2 fixation rates in the low and extreme treatments were negligible on day 4, Crocosphaera consumed NO3− at low rates in these two treatments, but not in the intermediate treatment, where N2 fixation was still high (Figure 7). This observation might hint at a potential switch from N2 fixation to NO3− uptake under stressful conditions. NO3− availability in the minicosms was low during the experiment, so the applicability of this finding under in-situ conditions remains to be tested. Nevertheless, N2 fixation and NO3− uptake rates were significantly different between the low or extreme and the intermediate treatment (Supplementary Table S1). A switch to alternative nitrogen sources has been shown by previous studies for the uptake of DON. Walworth et al. (2018) have shown that Trichodesmium sp. assimilates DON under elevated pCO2 conditions. Therefore, it seems likely that DON could be an alternative N source for this species. Our experiments found DOC uptake in Crocosphaera (Filella et al., 2024) and for field data from the Baltic Sea, Korth et al. (2012) could confirm DON uptake of diazotrophs.

Mulholland and Capone (1999) stressed the importance of N-recycling in extremely oligotrophic areas, where N2 fixation and NH4+ uptake are likely tightly coupled in diazotrophs. A high capacity of a Crocosphaera population to cope with changing environmental conditions, with individual cells being able to quickly react to environmental changes such as a DIN pulse is implied by the large intra-population variability observed in cell-specific N assimilation rates in our experiment, implies a high capacity of a Crocosphaera population to cope with changing environmental conditions, with individual cells being able to quickly react to environmental changes such as DIN pulses. Heterogeneity within the population might be the result of different growth stages of individual cells within the population (Elowitz et al., 2002; Martins and Locke, 2015) or point to deviating substrate preferences between cells (Matantseva et al., 2016; Berthelot et al., 2018). Intra-population variability seems to be a common phenomenon (Junker and Van Oudenaarden, 2014; Martins and Locke, 2015). For example, Berthelot et al. (2018) found large differences between the N uptake of individual cells of Synechococccus spp., Klawonn et al. (2019) observed a high variability in NH4+ assimilation and carbon fixation rates of single cells of different phytoplankton species, Eichner et al. (2017) report a high variability of carbon and N2 fixation rates between different cells of a Trichodesmium sp. colony and Matantseva et al. (2016) revealed substantial variability in N and carbon uptake rates between different cells of a dinoflagellate species. Heterogeneity between cells seems to help populations of phytoplankton to adapt to environmental changes, like fluctuating N availability and could represent a mechanism that enables communities to cope with climate change conditions. Furthermore, DIN uptake by Trichodesmium sp. has been demonstrated as well (Goering et al., 1966; Holl and Montoya, 2005). Eichner et al. (2014) investigated the response of Trichodesmium sp. to different levels of pCO2 and growth on NO3− and reported that while N2 fixation rates were reduced in cells grown on NO3−, primary production rates were enhanced in these cells, implying that NO3− assimilation had no negative effect on the growth of Trichodesmium sp. In combination with our results, this points to a much higher flexibility of the N metabolism of diazotrophs than previously thought, which provides them with an even greater advantage over non-diazotrophic phytoplankton. Polerecky et al. (2021) observed multiple mechanisms for nitrogen management in the unicellular cyanobacterium Cyanothece spp., which according to the authors facilitates the species’ success in dynamic environments.

In contrast to our results, Dekaezemacker and Bonnet (2011) found no assimilation of DIN, if concentrations of NO3− or NH4+ were below 1 µM. Surprisingly, NO3− uptake rates were higher than NH4+ uptake rates in our study (Figure 7). Even though NH4+ is energetically cheaper and preferred over NO3− by most species (Dugdale and Goering, 1967; Thompson et al., 1989), Crocosphaera seems to have preferred NO3−. As NO3− concentrations increased towards the end of the experiment and the activation of NO3− transporters in the cell wall are induced by the presence of this substrate (Glibert et al., 2016), this might explain the seeming preference of Crocosphaera for NO3- over NH4+. However, we cannot rule out the possibility that NH4+ was also consumed by bacteria in our cultures. The abundance of heterotrophic bacteria increased over the first two days of the experiment and then stayed constant (Figure 5). It is possible that some 15N-NH4+ added to our samples was assimilated by heterotrophic bacteria, as the background of nanoSIMS filters was highly enriched in 15N, especially in the 15N-NH4+ incubations (Supplementary Figure S2). This is likely, as we used filters with a pore size of 0.2µm that can capture bacteria as well as larger cells. Nevertheless, the abundance of heterotrophic bacteria in the minicosms was equivalent to in-situ conditions in the ocean and accordingly, our results hint that heterotrophic bacteria might contribute to NH4+ assimilation in natural communities as well, reflecting realistic uptake rates. Furthermore, Kirchman (1994) found that heterotrophic bacteria were accountable for ~30% of total DIN uptake only, implying that our DIN uptake rates might be overestimated by 30% at maximum.

Dekaezemacker and Bonnet (2011) observed that Crocosphaera is able to simultaneously fix N2 and consume both NO3− and NH4+, with NO3− being consumed at lower rates than NH4+. The same study reports an inhibition of N2 fixation in Crocosphaera by an NH4+ concentration > 0.2 µM, while no inhibition by NO3− was observed, which was also demonstrated by Großkopf and LaRoche (2012). Masuda et al. (2022) investigated the potential of Crocosphaera to assimilate DIN and found that both NH4+ and NO3− were consumed by the diazotroph. In an earlier study, the same authors even found that the growth of Crocosphaera was limited, if cells were grown in an NH4+ free medium, while N2 fixation rates were independent of NH4+ availability at low concentrations (Masuda et al., 2013). Masuda et al. (2013, 2022) concluded that the diazotroph is likely to be in competition for DIN with non-diazotrophic phytoplankton. The larger diazotroph Trichodesmium spp. has been shown to reduce its N2 fixation activity even in the presence of only 0.5 µM of DIN (Holl and Montoya, 2005), while other studies suggest the inhibition of N2 fixation when DIN concentrations exceed several µM (Capone et al., 1990; Ohki et al., 1991; Mulholland et al., 2001). Other work indicates that Trichodesmium spp. is capable of simultaneous N2 fixation and DIN uptake (Mulholland and Capone, 1999; Mulholland et al., 1999). As indicated by our study, Crocosphaera seems to continue fixing N2 at a constant rate in the presence of DIN as well. This ability gives the species an enormous advantage in N limited regions of the ocean, but also allows it to occur where DIN is available and to possibly outcompete other phytoplankton species in regions with DIN pulses. Further, it seems that the release of fixed N as NH4+ or DON by Crocosphaera is higher when NH4+ is absent, implying that N-limitation results in a lower retention of fixed N as compared to conditions in which ample DIN is available (Masuda et al., 2013). Consequently, Crocosphaera is likely to compete for DIN with non-diazotrophs and, if DIN is available, might not be a source for new nitrogen, but rather a sink itself with consequences for the phytoplankton community structure. This seems to be especially true in the decaying phase of a Crocosphaera bloom, as indicated by higher DIN assimilation rates towards the end of the experiment, where cell numbers started to decrease. On contrast, there seem to be no differences in N metabolism between climate change scenarios investigated here during the plateau phase of growth. These observations underscore the complexity of Crocosphaera’s physiological state during plateau and decay phases and, by extension, the complexity of its overall responses to environmental shifts.

In summary, our results show that Crocosphaera is stressed to some extent by a combined alteration of pH and temperature, but due to the high heterogeneity of N metabolism within a population appears to be well suited to acclimate to environmental changes on short time scales of weeks to months. The assimilation of DIN and organic carbon and nitrogen might help diazotrophs to cope with ocean warming and acidification. Small unicellular species like Crocosphaera seem to be rather favoured than disfavoured by ocean warming and ocean acidification and the structure of phytoplankton communities is likely to change in a future ocean. The overall consequences for global primary production and carbon sequestration remain to be resolved. Future studies should focus on multi stressor experiments and community diversity, as well as the ability of diazotrophs to adapt to phosphorus or iron limitation to address open questions.
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