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ABSTRACT 25 

Ocean acidification and warming are current global challenges that marine 26 

diazotrophs, i.e., bacteria capable to reduce gas N2 to ammonium, must cope with. Barely 27 

anything is known about the effects of changes in pH and temperature with increased CO2 28 

levels in combination with different nutrient regimes in N2-fixers, especially in 29 

heterotrophic bacteria, and those found in association with seagrasses. Here, we selected 30 

four cultivable diazotrophs, i.e., cyanobacteria and heterotrophic bacteria, found in 31 

association with the endemic Mediterranean seagrass Posidonia oceanica. We tested 32 

different pH (from pH 4 to 8) and temperature levels (from 12 to 30 ºC), both under 33 

different nutrient levels of phosphorus, P (0.1 µM and 1.5 mM) and iron, Fe (2 nM and 1 34 

µM). We also tested different CO2 concentrations [410 and 1000 particles per million 35 

(ppm)] under different P/Fe and temperature levels (12, 18 and 24 ºC). We reveal the 36 

sensitivity of the diazotrophs tested to lower pH (pH < 7-8) and warmer temperatures (ºC 37 

> 12-24). Growth responses were dependent on their nutrient status, as was evidenced for 38 

the heterotrophic bacteria, which displayed a higher susceptibility to changes in pH, 39 

temperature, and CO2 than the cyanobacterial species. High CO2 levels (1000 ppm) 40 

decreased heterotrophic growth only when cultures were nutrient-limited, regardless of 41 

the temperature. On the other hand, cyanobacteria were insensitive to CO2 increased 42 

levels, independently of the nutrient and temperature levels. Changes in N2-fixation were 43 

mainly controlled by changes in growth. Our findings show that diazotrophic responses 44 

against climate change factors can be dependent on their nutrient status and their mode 45 

of life. 46 

 47 

 48 

 49 



 3 

INTRODUCTION 50 

 51 

Carbon dioxide (CO2) emissions have been increasing since the start of the industrial 52 

revolution in 1750 [1]. Anthropogenic activities will continuously emit CO2 into the 53 

atmosphere, and CO2 concentration is expected to reach between 750 and 1000 particles 54 

per million (ppm) by the end of this century from the current atmospheric levels of 418 55 

ppm [National Oceanic and Atmospheric Administration (NOAA), 56 

https://www.esrl.noaa.gov/gmd/ccgg/trends/weekly.html, retrieved February, 2022) [2]. 57 

Increasing CO2 levels have clear consequences on the chemistry of marine environments, 58 

as one-third of the anthropogenic emissions are accumulated in the oceans  [3]. Therefore, 59 

the accumulation of CO2, which leads to the formation of carbonic acid (H2CO3) and then 60 

bicarbonate (HCO3
-), releasing protons (H+), causes ocean acidification. By the end of 61 

this century, it is predicted that pH will reach values of 7.7 from current pH values of 8-62 

8.25 [4]. Increasing CO2 emissions also cause changes in the Earth’s energy heat balance, 63 

leading to an increase in air and seawater temperature. As a result, it is predicted an 64 

increase from 2 to 6 ºC in the ocean temperature before the turn of the century [5].  65 

The effect of increased CO2 levels and concomitant changes in pH and temperature 66 

have been studied in phytoplankton or microorganisms in general, but often with 67 

contradictory results. Some reports speculate that marine phytoplankton can be resistant 68 

to ocean acidification [6–8], and can even stimulate cell abundance [9]. However, others 69 

claim that small changes in the pH may change the microbial structure [10], while warmer 70 

temperatures can enhance phytoplanktonic abundance and microbial activity [5]. It is 71 

extremely important to understand how microbial communities will respond to global 72 

climate change, especially those involved in nutrient cycles, e.g., N2-fixing 73 

microorganisms, also so-called diazotrophs, which provide new inorganic nitrogen (N) to 74 
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the oceans, reducing the atmospheric nitrogen (N2) to inorganic nitrogen [11]. Several 75 

studies described the role of CO2 and temperature in diazotrophs, although these reports 76 

are mainly focused on cyanobacteria, e.g., the filamentous Trichodesmium, or in the 77 

unicellular Cyanothece and Crocosphaera [12–15]. In general, they show that the 78 

responses are dependent on nutrient and light availability. Cyanobacteria can fix CO2, 79 

and thus, buffering the negative effect of CO2 in ocean acidification. In some 80 

cyanobacterial species, increasing CO2 levels can decrease the activity of the carbon 81 

concentration mechanisms (CCMs) in the carboxysomes, saving energy which can be 82 

used to enhance the N2-fixation and diazotrophic growth [14]. However, different 83 

cyanobacterial species may have different CCMs, which causes different CO2 84 

sensitivities, suggesting that the effect of increased CO2 levels in cyanobacteria is species-85 

specific [16]. 86 

 In the last years, the potential of the heterotrophic bacteria as a source of new nitrogen 87 

has drawn attention. Various studies report the wide distribution and expression of 88 

nitrogenase genes (e.g., nifH, nifK and nifD) in heterotrophic bacteria, suggesting that 89 

they may play a very important role in global N2-fixation rates [17, 18]. Heterotrophic 90 

bacteria may be associated with marine particles, wherein their N2-fixation activities can 91 

take place under low-oxygen conditions [19]. However, very little is known about the 92 

responses of heterotrophic N2-fixers in the context of CO2, acidification, and warming. 93 

Some heterotrophic bacteria can fix and assimilate CO2 through different carboxylation 94 

reactions via phosphoenolpyruvate carboxylase and pyruvate carboxylase, producing 95 

oxaloacetate that can be incorporated into the Krebs cycle [20]. Given that cyanobacteria 96 

and heterotrophic bacteria have different use and pathways of assimilation of CO2, they 97 

may respond differently to global climate change, and their impact in the N cycles is 98 

unknown.  99 
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It is predicted that N2-fixation rates will increase to 22 -27% due to an increase in water 100 

temperature by the end of this century [21–23]. These general predictions should be 101 

viewed with caution since the N2-fixing community is composed of different groups 102 

which can differ with their optimal pH, temperature, and nutrient requirements for their 103 

growth and microbial activities [6, 24–26]. These factors can regulate their responses in 104 

future ocean acidification and warming scenarios [27]. It is well described that 105 

diazotrophs need a particularly higher nutrient demand, especially for phosphorus (P) and 106 

iron (Fe), than other microorganisms [28, 29] since P (as ATP source) and Fe (as a 107 

cofactor of the nitrogenase complex) are required to catalyze the N2-fixation reaction [30].  108 

Despite the importance of the diazotrophs found in association with seagrasses, and 109 

the ecological functions that they offer, very little is known about the individual responses 110 

of these diazotrophs to abiotic (e.g., changes in nutrient availability, plastic pollution, or 111 

anthropogenic CO2) and biotic factors (e.g., grazers or virus). The endemic Mediterranean 112 

seagrass Posidonia oceanica is a key component of the Mediterranean ecosystems and 113 

harbors a high diversity of diazotrophs associated, which can provide the entire demand 114 

of nitrogen[31] . From our early investigation, we described how global climate change 115 

(i.e., CO2 and temperature) can change the N2-fixation rates and the diazotrophic 116 

community structure on P. oceanica [32, 33]. Considering the sensitivity of their 117 

cyanobacteria and heterotrophic bacteria associated to different abiotic factors (e.g., 118 

nutrients or anthropogenic pollution) [34–37], it is of utmost importance to understand 119 

and predict how diazotrophs associated with P. oceanica respond individually to global 120 

climate change.  121 

Here, we studied the individual responses of four cultivable diazotrophs (two 122 

cyanobacteria and two heterotrophic bacteria) found in association with Posidonia 123 

oceanica against changes in (I) pH (from pH 4 to 8) and (II) different temperature levels 124 
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(12-30 ºC), both under different nutrient concentrations of inorganic phosphorus (i.e., 125 

PO4
3-) and Fe. Due to the complexity of this study, we focus on the unicellular 126 

cyanobacteria Halothece sp. and the heterotrophic bacterium Cobetia sp. for testing the 127 

effects of (III) different levels of CO2 (atmospheric CO2, aCO2: 410 ppm and elevated 128 

CO2 as predicted at the end of the century, eCO2: 1000 ppm) under different nutrients (P 129 

and Fe) and temperature (18-24 ºC) levels. We evaluated physiological responses in terms 130 

of growth and N2-fixation activities. We also measured the P-acquisition mechanisms 131 

(alkaline phosphatase activity [APA]), and oxidative stress (through the measurement of 132 

the reactive oxygen species [ROS]), which can be used as biomarkers for evaluating the 133 

plasticity of these communities (i.e., the ability to persist when they are subject to an 134 

environmental stressor).  135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 
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MATERIALS AND METHODS 150 

Culture strains tested 151 

We selected four N2-fixers found in association with P. oceanica, based on our 152 

previous sequencing works with Illumina and Oxford Nanopore [38], represented by their 153 

most related cultivable strains: two cyanobacteria, i.e., a unicellular Halothece sp. PCC 154 

7418 and  a filamentous heterocyst-forming Fischerella muscicola PCC 73103, and two 155 

heterotrophic bacteria, i.e., Pseudomonas azotifigens DSM 17556T  and Cobetia sp. UIB 156 

001, which was isolated as a N2-fixer from the roots of P. oceanica  [37] (Supplementary 157 

Table S1). Prior to the experiments, the stock cultures were maintained in their optimal 158 

culture media: ASNIII + Turks Island Salts 4X for Halothece sp., BG110 for F. muscicola 159 

and marine broth for the heterotrophic bacteria. They were incubated at 24 ºC and 120 160 

rpm in a rotatory shaker with a photoperiod of 12 h dark:12 h light under low-intensity 161 

fluorescent light (30 µE m-2 s-1).  162 

 163 

Experimental culture conditions  164 

All the experiments were performed in triplicates (n = 3) and carried out in 2 mL 165 

microtiter plates (1.8 mL) or 50 mL falcon tubes (30 mL) in batch cultures, using modified 166 

artificial seawater medium [36]. Inorganic phosphorus (P, in the form of K2HPO4), iron 167 

(Fe, in the form of ferric citrate, [C6H5FeO7]) and inorganic nitrogen (N, in the form of 168 

NH3Cl) were added depending on the nutrient regimen and the response variable selected 169 

(Supplementary Table S1). Cells were precipitated and washed with artificial seawater 170 

without P, Fe and N, inoculating in each treatment ~20-60 x104 cells mL-1. Cells were 171 

then maintained again at the initial conditions of 120 rpm, 12 h dark:12 h light and under 172 

low-intensity fluorescent light (30 µE m-2 s-1) for 72 h under different experimental 173 

conditions (Supplementary Table S1). To avoid Fe contamination, all the samples and 174 
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materials (acid-cleaned) were manipulated in a class-100 clean hood. Cell abundance, N2-175 

fixation rates, alkaline phosphatase activity (APA), and reactive oxygen species (ROS) 176 

were measured as response variables (Supplementary Table S1). 177 

 178 

Effects of variation in pH and temperature levels  179 

For the pH experiment, the pH of the cultures was adjusted to different levels- pH 4, 180 

5, 6, 7 and 8- using Tris-HCl or Trizma base (Sigma-Aldrich) (0.1 mM final 181 

concentration) in a calibrated pH-Meter BASIC 20 (CRISON) (Supplementary Table S1). 182 

These levels were chosen based on the microenvironments that can be found in the 183 

seagrasses, in which the pH can be below 6 [39]. Cells were incubated at a constant 184 

temperature (24 ºC), that is the temperature at which all the bacterial species tested have 185 

high growth rates. For the temperature experiment, the cultures were incubated at 186 

different temperatures levels - 12, 18, 24 and 30 ºC - with coolers and thermostats 187 

(Supplementary Table S1). The initial pH was adjusted to 8, and the cultures were 188 

incubated at different nutrient concentrations in both pH and temperature experiments: at 189 

optimal nutrient concentrations (1.5 mM PO4
3- and 1 µM Fe), based on the optimal P and 190 

Fe concentration of the artificial seawater medium, and under nutrient limitation (0.1 µM 191 

PO4
3- and 2 nM Fe), based on our previous nutrient limitation studies in these bacteria 192 

[34–37], both under low levels of NH3 (0.15 mM) to avoid N2-fixation inhibition [40]. 193 

 194 

Effects of increased CO2 levels 195 

To investigate the effects of increased CO2 levels, we selected the unicellular 196 

cyanobacterium, Halothece sp., and the heterotrophic bacterium, Cobetia sp. Because of 197 

the complexity of the experimental set-up due to the large number of combined variables 198 

we focused only on these bacteria as our model, which were already selected in our 199 
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previous studies [34–37]. We tested two different levels of CO2: atmospheric, aCO2: 410 200 

ppm and elevated, eCO2: 1000 ppm (as predicted at the end of the century, IPCC, 2014), 201 

and included a control with no CO2 influx. All the experiments were performed under 202 

low levels of NH3 (0.15 mM). Combinations with two variables (Fe and temperature) and 203 

different CO2 levels were conducted: (i) CO2 and Fe (1 µM and 2 nM) at constant 204 

temperature (24 ºC) and (ii) CO2 and temperature (18 ºC and 30 ºC) with 1 µM of Fe 205 

(Supplementary Table S1). Both types of experiments were subject to different 206 

concentrations of PO4
3- (optimal, 1.5 mM; limited, 0.1 µM), and the initial pH was 207 

adjusted to pH 8 in each treatment.  208 

The microplates and Falcon tubes with the cultures were placed inside hermetic tanks, 209 

without bubbling (Supplementary Figure S1). Mass flow controllers (MFCs, Aalborg) 210 

were set-up to control the air mixture.  The gas mixture was introduced inside the hermetic 211 

tanks, with an outlet hole to allow the flow-through of the gas mixture. To achieve these 212 

mixes, air from an air-pump was connected to a filter with soda lime to remove CO2 and 213 

mixed with pure CO2 from a bottle to reach the desired concentration. Mixing was 214 

achieved in a tube with marbles to assure the homogenization of gases. After splitting the 215 

resulting treatment air gas mixture, the volume that entered each tank was regulated by a 216 

flow meter with a volume of 2.5 L min-1 (LPM). The pH was continuously measured and 217 

monitored (ENV-40-pH) every 30 min, and the resulting data was stored in two control 218 

boxes (IKS-AQUASTAR) (Supplementary Figure S1).  219 

 220 

 221 

 222 

 223 

 224 
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Flow cytometry and growth measurement 225 

Fresh unfixed cells at the initial (To) and the final time point (Tf) of the experiments 226 

were counted with a Becton Dickinson FACS-Verse cytometer (Beckton and Dickinson, 227 

Franklin Lakes, New Jersey, USA). Fluorescent beads, BD FACSuite™ CS&T research 228 

beads (Beckton and Dickinson and Company BD Biosciences, San Jose, USA), were used 229 

as an internal standard to calibrate the instrument. Cells were separated by combinations 230 

of the flow cytometer parameters: forward scatter (FSC, reflecting cell size), side scatter 231 

(SSC, reflecting internal complexity of the cells) and/or fluorescein isothiocyanate (FITC, 232 

488 nm excitation, 530/30 nm emission) parameters, recording for each sample a total of 233 

1 x104 cells.  234 

 235 

Nitrogen fixation activity  236 

N2-fixation rates were measured through the acetylene reduction assay (ARA) at the 237 

end of the experiments (i.e., after 72 h), following the general method described in [41]. 238 

Only cultures cultivated under P-optimal conditions were measured. Briefly, a known 239 

volume of the culture media (8 mL) was transferred into a 10 mL vial. Liquid saturated 240 

acetylene was injected in these vials achieving a final concentration of 20% (v/v) and 241 

incubated for 3 h. Ethylene and acetylene were determined using a gas chromatograph 242 

(model HP-5890, Agilent Technologies) equipped with a flame ionization detector (FID). 243 

The column was a Varian wide-bore column (ref. CP7584) packed with CP-PoraPLOT 244 

U (27.5 m length, 0.53 mm inside diameter, 0.70 mm outside diameter, 20 μm film 245 

thickness), using the set up described in [34–37]. Ethylene produced was calculated using 246 

the equations in [42]. The acetylene reduction rates were converted to N
2
-fixation rates 247 

(nmol mL-1 h-1) using a factor of 4:1 [43].  248 

 249 
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Determination of reactive oxygen species 250 

The molecular probe 2’-7’-dichlorofluorescein diacetate (DCFH) (Sigma) was used to 251 

measured reactive oxygen species (ROS) production after 72 h [34]. Only cultures 252 

cultivated under P-optimal conditions were measured. The DCFH diluted in artificial 253 

seawater (previously stabilized in acetone at 1 mg mL-1) was added in a 96-well 254 

microplate (Thermo Scientific) containing the bacterial samples, achieving a final 255 

concentration of 15 µg mL-1. The emission of the green fluorescence of the resulting 2’-256 

7’-dichlorofluorescein was measured by a Cary Eclipse spectrofluorometer 257 

(FL0902M009, Agilent Technologies). Fluorescence was monitored for 1 h with an 258 

excitation of 480 nm and an emission of 530 nm. The slope of the linear regression 259 

between the fluorescence and time elapsed was reported as the ROS production expressed 260 

in arbitrary units (A.U.) and normalized by the cell number. The DCFH was added in 261 

artificial seawater without cells under the same conditions as above and served as blanks.  262 

 263 

Determination of the alkaline phosphatase activity 264 

Alkaline phosphatase activity (APA) was evaluated after 72 h through a fluorometric 265 

assay measuring the hydrolysis of the substrate 4-methylumbelliferyl phosphate (MUF-266 

P, Sigma-Aldrich) to 4-methylumbelliferyl (MUF) [35]. An endpoint enzymatic assay 267 

was conducted at the end of the experiment with 8 µM of MUF-P (Supplementary Table 268 

S1). For the pH experiments, only Halothece sp. and Cobetia sp. were chosen as the main 269 

model cultivated under P-limiting conditions to detect the APA. After 1 h incubation in 270 

darkness, APA was measured in a microtiter plate that contained borate pH buffer 10 (3:1 271 

of sample: buffer). The MUF production was measured at 359 nm (excitation) and 449 272 

nm (emission), using a calibration standard curve with commercial MUF (Sigma-273 
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Aldrich), with the Cary Eclipse spectrofluorometer (FL0902M009, Agilent 274 

Technologies).  275 

 276 

Statistical analysis  277 

Normality and homogeneity of variances were checked, and the statistical significance 278 

level was set at p < 0.05. Parametric analysis was used to examine normally distributed 279 

data using ANOVAs with Bonferroni post-hoc test. Spearman correlation analysis was 280 

used to determine the relationships between ROS vs. cell abundance, and APA vs. cell 281 

abundance. All analyses were done in R-Studio, R version 3.6.3 (2020-02-29).  282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 
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RESULTS  299 

 300 

Effect of varying levels of pH and temperature in N2-fixing bacteria 301 

Growth responses  302 

The growth responses of the diazotrophs tested to varying pH and temperature levels 303 

were dependent on the nutrient status of the cells (ANOVA, p < 0.05, Figures 1 and 2). 304 

Across the pH and temperature treatments, cells under replete nutrient conditions (P and 305 

Fe) grew 4-fold more than those grown under nutrient-limited conditions (Figures 1A and 306 

2). The magnitude of the difference between the growth under nutrient replete and 307 

nutrient-limited cells varied among the species tested and the pH (Figures 1A and 1B). 308 

Under nutrient replete conditions, a clear regression was found, in which decreasing pH 309 

levels negatively affected the growth of all species tested (Spearman’s correlation, p < 310 

0.05, n = 20, r2 = 0.6, Figure 1A). Under this condition, we did not detect any differences 311 

between cyanobacteria or heterotrophic bacteria, since the cyanobacterium, F. muscicola, 312 

and the heterotrophic bacterium, Cobetia sp. were the most affected species to low pH 313 

levels, both lowering the growth 30-fold (Bonferroni test, p < 0.05, Figure 1B). Under 314 

nutrient-limiting conditions, we found the opposite response, reporting a negative 315 

regression, in which increasing pH levels decreased growth (Spearman’s correlation, p < 316 

0.05, n = 20, r2 = -0.2, Figure 1B). Under this condition, differential responses between 317 

cyanobacteria and heterotrophic bacteria were found. The optimal pH for growing in the 318 

cyanobacteria species tested shifted towards an acidic pH (i.e., pH 5), with 9-fold higher 319 

growth compared with the rest of the pH treatments (Bonferroni test, p < 0.05, Figure 320 

1B). A slight change from pH 8 towards the acidic-neutral pH (at pH 6-7) was also 321 

observed for the heterotrophic species tested under nutrient limitation (Figure 1B). 322 
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The response of the N2-fixers tested at different temperatures was also dependent on 323 

the nutrient status of the cells and the species (ANOVA, p < 0.05, Figure 2). For 324 

heterotrophic bacteria, the nutrient replete cells, Cobetia sp. and P. azotifigens, grew 325 

better in warmer temperatures (24-30 ºC) than the cyanobacterial strains, Halothece sp. 326 

and F. muscicola (12-18 ºC) (Figure 2). However, under nutrient limiting conditions, the 327 

optimal growth temperature of Cobetia sp. was 12 ºC (Bonferroni test, p < 0.05, Figure 328 

2), while for P. azotifigens, we did not detect significant changes under nutrient limitation 329 

(Bonferroni test, p > 0.05, Figure 2). Under the same nutrient condition for the 330 

cyanobacterial strains, their optimal temperature range increased up to 24 ºC (Bonferroni 331 

test, p < 0.05, Figure 2).  332 

 333 

Changes in N2-fixation rates 334 

Although both groups have higher N2-fixation rates at alkaline pH (Figure 3A), 335 

heterotrophic bacteria maintained active N2-fixation rates at pH 6-8 (Figure 3A), while 336 

cyanobacteria have active N2-fixation rates under acidic conditions (< pH 7) (Figure 3A). 337 

Regarding temperature, cyanobacteria (i.e., Halothece sp. and F. muscicola) reached the 338 

maximum N2-fixation rates at 24 ºC, while in the heterotrophic bacteria, it was at 18 ºC 339 

(Figure 3B). Moreover, the results indicate that temperatures over 30 ºC may have an 340 

inhibitory effect on the N2-fixation processes (Figure 3B). However, these results were 341 

not statistically significant. 342 

 343 

Changes in P-acquisition mechanisms 344 

For Halothece sp. and Cobetia sp., the maximum APA was achieved at alkaline pH 345 

(i.e., above pH 7) (Figure 4A), and the rates dropped significantly from pH 8 to 6.5 for 346 

both bacteria (ANOVA, p < 0.05, n =3, Figure 4A). Different temperature levels also 347 
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affected the APA in the diazotrophs tested (ANOVA, p < 0.05, Figure 4B). The optimal 348 

temperature for the APA varied by species (i.e., for cyanobacteria at 24 °C and 349 

heterotrophic bacteria at 12-18 °C). However, for all the species we tested, the APA had 350 

lower rates at 30 °C (Bonferroni test, p < 0.05, Figure 4B). 351 

 352 

Changes in the ROS production 353 

Significantly high ROS production was measured for Halothece sp., F. muscicola and 354 

P. azotifigens at the pH of normal ocean water (i.e., pH 8) compared to other pH 355 

treatments. However, we found species-specific responses since for Cobetia sp. pH 8 356 

decreased ROS (Bonferroni test, p < 0.05, Figure 5A). Temperature also affected ROS 357 

production, but their response was also dependent on the species tested (Figure 5B). For 358 

Halothece sp. and P. azotifigens, ROS production was lower at intermediate temperatures 359 

than at the lowest (i.e., 12 ºC) and highest (i.e., 30 ºC) temperature treatments (Bonferroni 360 

test, p < 0.05, Figure 5B). For the other species, i.e., F. muscicola and Cobetia sp., no 361 

significant differences were detected (Bonferroni test, p > 0.05, Figure 5B).  362 

 363 

Varying levels of CO2 (aCO2: 410 ppm and eCO2: 1000 ppm) combined with 364 

different Fe and temperature levels 365 

Growth responses 366 

Elevated CO2 (eCO2, 1000 ppm) resulted in lower pH than at ambient levels (aCO2, 367 

410 ppm) after 72 h (Supplementary Figure S2). The differences of pH between the two 368 

CO2 treatments were lower for the cyanobacterium, Halothece sp. (an average of 0.21 369 

units of pH), than for the heterotrophic bacterium, Cobetia sp. (an average of 0.55 units 370 

of pH). The growth of the unicellular cyanobacterium tested (Halothece sp.) did not vary 371 

significantly at the different CO2 levels applied in our study under different nutrient 372 
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regimes (PO4
3- and/or Fe) nor temperature levels (i.e., 18 ºC and 30 ºC) (ANOVA, p > 373 

0.05, Figures 6A-D).  374 

On the contrary, for the heterotrophic bacterium, Cobetia sp., different CO2 375 

concentrations combined with varying nutrients had a significant effect on their growth 376 

(ANOVA p < 0.05, Figures 6A-D). In both, CO2-Fe and CO2-temperature experiments, 377 

growth at eCO2 was lower compared with aCO2 only when cultures were P-limited 378 

(Bonferroni test, p < 0.05, Figures 6B and 6D). In the CO2-Fe experiments, growth was 379 

significantly lower at eCO2 compared to the control (i.e., no CO2 influx) without Fe at 380 

optimal P concentration (Bonferroni test, p < 0.05, Figure 6A). Under P-limitation, 381 

growth was drastically reduced at eCO2 compared to the control, independently of the Fe 382 

level (Bonferroni test, p < 0.05, Figure 6A). In the CO2-temperature experiments, under 383 

P-optimal concentrations, growth was higher at aCO2 and eCO2 compared to the control, 384 

irrespective of the temperature level (Bonferroni test, p < 0.05, Figures 6C), while under 385 

P-limited conditions, growth at eCO2 was lower compared to the control, irrespective of 386 

the temperature level (Bonferroni test, p < 0.05, Figures 6C and 6D).  387 

 388 

Changes in N2-fixation rates 389 

No significant changes in the N2-fixation rates, irrespective of the CO2, Fe and/or 390 

temperature levels (ANOVA, p > 0.05, Figures 3C and 3D) were found for Halothece sp. 391 

For the heterotrophic species tested, Cobetia sp., continuous influx of CO2 (i.e., both 392 

aCO2 and eCO2) significantly enhanced the N2-fixation rates compared to the control in 393 

the CO2-Fe experiments at 24 ºC, irrespective of the Fe level (Bonferroni test, p < 0.05, 394 

Figure 3C).  395 

 396 

 397 
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Changes in the P-acquisition mechanisms   398 

Generally, for Halothece sp., under both, aCO2 and eCO2 levels, APA decreased 399 

significantly compared to the control treatment (Bonferroni test, p < 0.05, Figures 4C and 400 

4D). However, we did not find any significant differences between aCO2 and eCO2 401 

(Bonferroni test, p < 0.05, Figures 4C and 4D). Moreover, APA was negatively affected 402 

with increasing temperatures (i.e., 30 ºC) (ANOVA, p < 0.05, Figure 4C), as we 403 

previously reported in the temperature experiments (Figure 4B). For the heterotrophic 404 

species, Cobetia sp., the temperature was the main factor controlling APA responses 405 

against CO2. For this bacteria, elevated CO2 levels enhanced the APA irrespective of the 406 

Fe levels at 24 ºC compared with the control and compared with aCO2 levels in the Fe-407 

CO2 experiments (Bonferroni test, p < 0.05, Figure 4C). Yet, elevated CO2 levels 408 

significantly reduced APA at 18 ºC, compared to the control and aCO2 levels in the CO2-409 

temperature experiments (Bonferroni test, p < 0.05, Figure 4D). At 30 ºC, we did not find 410 

any significant differences among treatments (ANOVA, p > 0.05, Figure 4D). 411 

 412 

Changes in ROS production 413 

ROS production was not significantly affected in response to the addition of CO2 414 

combined with different Fe and temperature levels for Halothece sp. (ANOVA, p < 0.05, 415 

Figure 5C). For the heterotrophic bacteria Cobetia sp., eCO2 levels with added Fe, ROS 416 

production increased 5-fold compared with the control and aCO2 (Bonferroni test, p < 417 

0.05, Figure 5C). However, no significant ROS production was observed with the 418 

addition of CO2 at different temperature levels (ANOVA, p > 0.05, Figure 5D).  419 

 420 

 421 

 422 
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Reactive oxygen species (ROS) and APA as molecular biomarkers 423 

Cell abundance of all the species tested and treatment tested (pH, temperature, CO2 424 

and nutrient level) were negatively correlated with the cell specific production of ROS 425 

and APA (Spearman’s correlation, p < 0.05, n = 144, r2 = -0.41 and r2 = -0.34, 426 

respectively, Figures 7A and 7B).  427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 
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Discussion 448 

Dependence on nutrient status of N2-fixers in their growth responses to global 449 

climate change factors  450 

 Here we provide evidence that P and Fe concentration can control the growth 451 

responses of N2-fixers to global climate change factors (pH, temperature, and CO2) but 452 

their response was also dependent on their nature (cyanobacteria or heterotrophic 453 

bacteria) (Figures 1, 2 and 6). Diazotrophs are primarily controlled by the availability of 454 

P and Fe [11]. Therefore, diazotrophs require large amounts of P to fuel N2-fixation 455 

processes (i.e., requiring up to 16 ATP) [44]. Iron (Fe), is also a primary factor limiting 456 

N2-fixation since it is a co-factor of the nitrogenase complex (i.e., contains 38 Fe atoms 457 

per holoenzyme) [45], and it is especially critical for cyanobacteria since Fe can limit 458 

photosynthetic processes [46]. Nutrient-limited conditions can promote higher alkaline 459 

phosphatase activity (APA), oxidative stress, cell break, and apoptotic processes, as 460 

reported in our previous studies [34, 35, 37]. This explains the higher growth in nutrient-461 

replete cells compared with a nutrient-limited situation (Figures 1 and 2). Although 462 

cyanobacteria and heterotrophic bacteria can have different nutrient requirements (i.e., 463 

cyanobacteria have higher nutrient requirements than other phytoplanktonic taxa, as 464 

suggested by their Redfield N:P ratio of 25, which is significantly higher than other 465 

marine microbial groups with a ratio of 16), here, we did not find any difference between 466 

these microbial groups (Figures 1 and 2). According to these data, P and Fe can be the 467 

main abiotic factors regulating the responses of these N2-fixers. 468 

Although several reports focus on the effect of pH in N2-fixers from the soil [48, 71–469 

73], to our knowledge, this is the first study that considers the independent effect of ocean 470 

acidification for marine diazotrophs regardless of the CO2 level. Previous studies suggest 471 

that marine microorganisms will not be affected by small changes in the pH [7]. Here we 472 
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also found that the species tested were not affected by pH changes dropping to 6.5 (data 473 

did not show). Therefore, future pH changes in the water column, dropping the pH up to 474 

7.6-7.7, should not affect the diazotrophs, considering that it is improbable that the oceans 475 

will reach an acidic pH (i.e., below pH 7). However, seagrasses are complex systems. The 476 

epiphytic population in the rhizosphere can be subjected to pH microenvironments, 477 

finding very low pH values [39]. Ocean acidification can exacerbate this process, 478 

decreasing the pH level. Interestingly, growth responses below pH 6 are dependent on 479 

nutritional status and bacterial nature (i.e., cyanobacteria or heterotrophic bacteria) 480 

(Figures 1A and 1B). Under a nutrient replete situation, it is already described in 481 

phytoplankton that decreasing pH levels negatively affects cell growth [6] (Figures 1A 482 

and 1B). Lower pH levels reduce Fe-uptake since Fe (III) is less available for organic 483 

chelators (e.g., siderophores), and Fe (II) can be oxidized in non-bioassimilable forms. 484 

The reduction of Fe-uptake along with changes in cell membranes and gene expression 485 

can limit microbial activity with low pH levels under a replete nutrient condition [12, 50–486 

52]. Surprisingly, we detected that under nutrient-limiting conditions, the optimal pH 487 

changed toward more towards acidic pH (Figure 1A), especially for the cyanobacterial 488 

species (Halothece sp. and F. muscicola) since these species grew better below pH 6 489 

(Figure 1B). These results show that cyanobacteria can be more resistant to lower pH than 490 

heterotrophic bacteria (Cobetia sp.) (Figure 1B). How these species take profit from an 491 

acidic pH (i.e., high [H+]) under a nutrient limitation situation is unknown, although some 492 

cyanobacteria have a high affinity to Na+/H+ antiporters, through which intracellular Na+ 493 

is exported to maintain cell homeostasis [53]. This data highlights the differential survival 494 

strategies that phototrophic and heterotrophic bacteria exhibit against pH changes in 495 

marine environments.  496 
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Temperature is a key factor controlling microbial activity in the oceans, playing a 497 

critical role in bacterial metabolism [54]. Under a nutrient replete situation, heterotrophic 498 

bacteria preferred warmer temperatures (i.e., ≥ 24 ºC) than cyanobacteria (i.e., ≤ 18 ºC) 499 

(Figure 2B). Higher temperatures can stimulate heterotrophic bacteria respiration and 500 

growth [54], while cyanobacteria prefer cooler temperatures to achieve maximum growth 501 

rates since higher temperatures can decrease photosynthetic processes [55]. However, for 502 

some bacteria, i.e., Cobetia sp., we found the opposite growth responses under a limiting 503 

nutrient condition, in which increasing temperature decreased growth (Figure 2). This 504 

shows that nutrient availability could be one of the main factors controlling the bacterial 505 

optimal temperature [54] (Figure 2). Early investigations [56, 57] report changes of 3-6 506 

ºC in the optimal temperature according to the nutritional status in several phytoplankton 507 

groups (e.g., Synechococcus sp., Skeletonema costatum, Emiliania huxleyi 508 

or Thalassiosira pseudonana), probably by alterations in enzymatic kinetics. For 509 

heterotrophic bacteria, ocean warming can also increase nutrient consumption rates, 510 

nutrient limiting the media and liming growth [58]. These results highlight again the 511 

species-specific responses that can be found between cyanobacteria and heterotrophic 512 

bacteria.  513 

Cyanobacteria, as phototrophs, perform photosynthesis, removing CO2 from the media 514 

through efficient carbon concentration mechanisms (CCMs), which transport and 515 

concentrate CO2 into the carboxysomes (i.e., structures in which the CO2-fixing enzyme, 516 

RuBisCO, is encapsulated) [59]. Thus, cyanobacteria can buffer the negative effect of 517 

CO2, decreasing the pH level (Supplementary Figure S2). This explains why the 518 

cyanobacterium tested did not respond to CO2 increased levels irrespective of the nutrient 519 

and temperature levels (Figures 6A-D). Our results are consistent with other studies on 520 

known cultures of N2-fixing cyanobacteria (i.e., Cyanothece sp. ATCC51142, 521 



 22 

Crocosphaera watsonii WH850/WH0401/WH0402 and Trichodesmium erythraeum 522 

IMS101) [16, 60–64]. However, in other studies about N2-fixing cyanobacteria (e.g., 523 

Crocosphaera, Cyanothece, Trichodesmium and Nodularia), the authors report a growth 524 

increase or decrease due to elevated CO2 levels depending on the nutritional status [63, 525 

65–67]. This data suggests different CCMs efficiencies, and thus, the responses to global 526 

climate change in cyanobacteria can be species-specific.  527 

On the contrary, we showed higher sensitivity against ocean acidification in the 528 

heterotrophic bacteria, as they do not have efficient mechanisms to remove CO2 from the 529 

media, and thus, they are more exposed to the acidification of the media (Supplementary 530 

Figure S2). Studies about CO2 and heterotrophic N2-fixing bacteria are scarce, and only 531 

some reports evaluate the role of CO2 in marine non-diazotrophic heterotrophic bacteria 532 

[68–70]. In agreement with these studies, elevated CO2 levels in heterotrophic bacteria 533 

cultured under enriched nutrient media (i.e., P and Fe) do not affect microbial growth 534 

(Figures 6A and 6C), yet higher CO2 concentrations could increase bacterial production, 535 

triggering changes in the metabolism [68, 69]. However, we report the negative effect of 536 

increasing CO2 levels on the heterotrophic growth only when cells were under low P-537 

concentration, irrespective of the temperature level (Figures 6A-D). We hypothesized that 538 

since low nutrient availability can limit growth and protein synthesis and activity [71], a 539 

combined effect with decreasing pH levels, as a consequence of increasing CO2 values, 540 

may exacerbate the negative growth responses in heterotrophic bacteria. These results 541 

show the role of nutrients controlling CO2 responses in heterotrophic bacteria. 542 

 543 

Global climate change effect on N2-fixation 544 

Higher pH levels may enhance N2-fixation rates, which is similar to what is reported 545 

in previous studies carried out on soil samples. It is suggested that the decrease in the 546 
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cytosolic pH can change the structure and catalysis of the nitrogenase complex [47–49]. 547 

Changes in temperature levels affect differently according to the cyanobacteria and 548 

heterotrophic bacteria, suggesting species-specific responses, but in both groups, a 549 

temperature of 30 ºC had an inhibitory effect in N2-fixation rates (Figure 3B). Studies 550 

conducted in marine bacteria show that N2-fixation rates are active within temperature 551 

ranges from 24 to 30 ºC, but at temperatures > 30 ºC the activity decrease, suggesting that 552 

temperature can control nitrogenase activity and expression [13, 23]. It is important to 553 

mention that considering the effect of pH, temperature, and CO2 on the growth of the 554 

diazotrophs tested (Figures 1 and 2), changes in their abundance can affect the bulk N2-555 

fixation rates.  556 

Contrary to the previous reports conducted in other cyanobacterial species, in which 557 

CO2 can enhance or reduce N2-fixation rates depending on the nutrient and temperature 558 

level [12], we did not find any significant change in the cyanobacterium tested (Halothece 559 

sp.) (Figures 3C and 3D). In some cyanobacteria, high CO2 levels can downregulate 560 

carboxysome genes, decreasing the energy used for concentrating CO2 in these organelles 561 

[72]. It is hereby suggested that cyanobacteria can save energy by concentrating CO2 and 562 

use this energy instead for N2-fixation [14, 73]. However, the absence of effect due to an 563 

increase in CO2, in the cyanobacterium tested, suggests that regulatory processes of 564 

carbon concentrating or uptake mechanisms can be species-specific, and thus, N2-fixing 565 

responses in diazotrophic cyanobacteria to global climate change factors cannot be 566 

generalized. On the other hand, some of the results obtained for Cobetia sp. suggest that 567 

CO2 may regulate N2-fixation processes in heterotrophic bacteria (Figure 3C). Some 568 

heterotrophic bacteria can fix CO2 through different carboxylation reactions catalyzed by 569 

phosphoenolpyruvate (PEP) carboxylase and pyruvate carboxylase. These enzymes can 570 

convert HCO3
- in oxalacetate, which can be included in the Krebs cycles [20], 571 
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contributing to 2-8% of the cell’s biomass carbon abundance [74]. Therefore, 572 

heterotrophic bacteria can take advantage of increased CO2 levels, raising the ATP pool, 573 

which can fuel the N2-fixation processes (Figure 3C). In the genome of Cobetia sp. (UIB 574 

001) (accession number: CP058244-CP058245), we found that this bacterium contains a 575 

PEP carboxylase (locus tag: HA399_04700) and two SulP family inorganic anion 576 

transporters (locus_tag: HA399_00940 and HA399_13445), responsible for bicarbonate 577 

transport into the cells. These findings suggest its potential as CO2-fixing bacteria. 578 

 579 

P-acquisition mechanisms and oxidative stress as biomarkers for the prediction of 580 

microbial disturbances against global climate change 581 

The increase of APA is a survival mechanism active under low P concentrations and/or 582 

when cells need higher P-requirements (e.g., under a N2-fixing situation), releasing 583 

inorganic P from dissolved organic phosphorous [75]. N2-fixation is tightly linked to APA 584 

since this process can fuel the P-requirements of the nitrogenase complex [33]. Thus, 585 

APA can be activated when cells are subjected to different environmental stressors, 586 

increasing the P-demand, which can be followed by the APA measurement. Our results 587 

show a clear negative correlation between the increase in APA per cell and the decrease 588 

in cell abundance (Figure 7A). This suggests that APA can be used as a biomarker to 589 

study changes in bacterial communities. Generally, for both groups, i.e., cyanobacteria 590 

and heterotrophic bacteria, an acidic pH decreased the APA rates (Figures 4A, 4C and 591 

4D). Studies in cyanobacteria (e.g., Nostoc flagelliforme) and heterotrophic bacteria (e.g., 592 

Cobetia amphilecti KMM 296) show the dramatical inhibition of APA with acidification, 593 

possibly due to loss of the stability of the enzyme [76–78]. Interestingly, APA was more 594 

sensitive for cyanobacterial strains, being highly inhibited below pH 7, while 595 

heterotrophic bacteria were able to maintain higher rates of APA in a range from 6.5-8 596 
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(Figure 4A). Considering the concomitant water acidification from increased CO2 levels, 597 

future pH values may affect the P-acquisition mechanisms in cyanobacteria over 598 

heterotrophic bacteria. Nevertheless, low pH can cause fewer free phosphate ions to be 599 

transported into the cells [79], and consequently increasing APA, as evidenced by the 600 

enhancement APA for Cobetia sp. at eCO2 levels only at 24 ºC (Figure 4C). This indicates 601 

the role of the temperature modulating the APA responses. Indeed, we found an 602 

interesting trend in which APA can be inhibited over 24 ºC (Figure 4A). Contrary to our 603 

in vivo results, in vitro studies with the purified alkaline phosphatase (e.g., PhoD) show 604 

that for cyanobacteria (e.g., N. flagelliforme) and heterotrophic bacteria (e.g., C. 605 

amphilecti KMM 296) the optimal APA is within a range of 40 to 45 ºC [76, 78, 81]. To 606 

date, this is the first study reporting the in vivo temperature effect of the APA in marine 607 

N2-fixing bacteria (Figure 4B), considering that the stability of the enzyme, the velocity 608 

of organic phosphate breakdown, and enzyme-substrate affinity are controlled by 609 

temperature [82].   610 

Reactive oxygen species (ROS) are biochemical biomarkers used for marine plants 611 

and animals [83, 84], and they can be used to evaluate the plasticity of the bacterial 612 

community against different environmental factors [85, 86]. ROS are reactive molecules 613 

that, if not removed, their accumulation can end in oxidative stress and, therefore, affect 614 

cell viability [86]. Here, we found that cell abundance was negatively correlated with 615 

ROS production (Figure 7B). This implies, as with APA, that ROS production can be 616 

used as a biomarker to assess the health of diazotrophic microorganisms exposed to global 617 

climate change factors. In agreement with our results, in other studies in phytoplankton 618 

cells, e.g., Chattonella marina and Heterosigma akashiwo, alkaline pH increases ROS 619 

production [87, 88]. Yet, our results indicate species-specific ROS production responses 620 

to alkaline pH since for Cobetia sp. higher pH increased ROS production (Figure 5A). 621 
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We also observed the same trend for the temperature experiments, i.e., species-specific 622 

responses, and cooler or warmer temperatures can promote adaptive responses to survive 623 

under suboptimal conditions, which can trigger higher ROS production [88, 89] (Figure 624 

5B). Our results showed an interactive effect between CO2 and Fe, increasing the ROS 625 

levels for Cobetia sp. High Fe-levels can enhance Fenton and Haber-Weiss reactions, 626 

which generate free radicals such as hydroxyl radicals (·OH), being extremely toxic for 627 

cells [90]. On the other hand, CO2 can downregulate the catalase expression, which is 628 

responsible for the detoxification of the H2O2, causing a 6-fold decrease in ROS removal 629 

[91]. Therefore, both CO2 and Fe can increase ROS production in such a way that N2-630 

fixing heterotrophic bacteria cannot compensate with their antioxidant defenses. 631 

 632 

CONCLUSIONS 633 

We show the susceptibility of the N2-fixers found in association with the 634 

Mediterranean seagrass Posidonia oceanica against ocean acidification and warming due 635 

to increased CO2. However, the impact may depend on whether they are phototrophic or 636 

heterotrophic bacteria, and the nutrient status, suggesting that the community structure of 637 

the N2-fixing community may also change. Our results reveal the susceptibility of the 638 

heterotrophic bacteria. Here, we suggest the utilization of the P-acquisitions mechanisms, 639 

i.e., APA, and biochemical parameters, i.e., ROS, as molecular biomarkers to assess the 640 

responses of diazotrophic cells to climate change factors. Yet, these results should be 641 

taken with caution since we only tested a few N2-fixers found in association with P. 642 

oceanica, and, hence, further physiological, and molecular studies must be conducted in 643 

the natural communities found in association seagrass (e.g., P. oceanica) to figure out 644 

which are the responses of these N2-fixers against the global climate change and how this 645 

can impact in the health of the plant. 646 
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Figure 1. Effect of different levels of pH (4-6) on growth after 72 h under different nutrient concentrations at 24 ºC. A) Correlation between growth 

and pH level according to the nutritional level in all the strains and triplicate measured. B) Effect of pH according to the species tested and 

nutritional level.  In B, values are the mean ± SE (n = 3). Letters (i.e., capital letters for the nutrient replete condition or lower case for nutrient 

limiting condition) indicate significant differences (p < 0.05) with the rest of the treatments for each strain and nutrient level, using a posthoc test 

(Bonferroni test) after ANOVA over the whole dataset.  
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Figure 2. Effect of different levels of temperature on growth after 72 h under different nutrient concentrations. Values are the mean ± SE (n = 3). 

Letters (i.e., capital letters or lower case) indicate significant differences (p < 0.05) with the rest of the treatments for each strain and nutrient level, 

using a posthoc test (Bonferroni test) after ANOVA over the whole dataset.  
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Figure 3.  Effect on N2-fixation rates after 72 h, under different A) pH and B) temperature levels, and C-D) different concentrations of CO2 

[control, atmospheric CO2 (aCO2): 410 ppm, and elevated CO2 (eCO2): 1000 ppm] in combination with different C) Fe (+Fe, 1 µM and -Fe, 2 nM) 

and D) temperature levels (18 ºC and 30 ºC). All the treatments were incubated under optimal P-concentration to detect N2-fixation rates. Values 

are the mean ± SE (n = 3). Letters indicate significant differences (p < 0.05) with the rest of the treatments for each strain and experimental set-up, 

using a posthoc test (Bonferroni test) after ANOVA over the whole dataset.  
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Figure 4. Effect in P-acquisition mechanisms (alkaline phosphatase activity [APA]), after 72 h, under different A) pH (6.5-8) and B) temperature 

levels (12-30 ºC), and C-D) different concentration of CO2 [control, atmospheric CO2 (aCO2): 410 ppm, and elevated CO2 (eCO2): 1000 ppm] in 

combination with different C) Fe (+Fe, 1 µM and -Fe, 2 nM) and D) temperature levels (18 ºC and 30 ºC). The measurements were taken under P 

limitation (0.1 µM) to induce APA. Note that for the pH experiment APA was only measured in Halothece sp. and Cobetia sp. in a pH range 

between 6.5-8. Values are the mean ± SE (n = 3). Letters indicate significant differences (p < 0.05) with the rest of the treatments for each strain 

and experimental set-up, using a posthoc test (Bonferroni test) after ANOVA over the whole dataset.  
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Figure 5. Effect at the oxidative stress level (i.e., reactive oxygen species, ROS), after 72 h, under different A) pH and B) temperature levels, and 

C-D) different concentration of CO2 [control, atmospheric CO2 (aCO2): 410 ppm, and elevated CO2 (eCO2): 1000 ppm] in combination with 

different C) Fe (+Fe, 1 µM and -Fe, 2 nM) and D) temperature levels (18 ºC and 30 ºC).  All the treatments were incubated under optimal P-

condition. Values are the mean ± SE (n = 3). Letters indicate significant differences (p < 0.05) with the rest of the treatments for each strain and 

experimental set-up, using a posthoc test (Bonferroni test) after ANOVA over the whole dataset.  
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Figure 6. Growth (calculated as % difference relative to the control over the incubation time of 72 h) after the exposure to atmospheric CO2 (aCO2, 

410 ppm) and elevated CO2 (eCO2, 1000 ppm). A-B) Exposure with CO2 at different concentrations of Fe (+Fe, 1 µM and -Fe, 2 nM) under A) P-

optimal conditions (1.5 mM) and B) P-limitation (0.1 µM). C-D) Exposure with CO2 at different temperature levels (18 ºC and 30 ºC), under C) 

P-optimal conditions and D) P- limitation. Values are the mean ± SE (n = 3). Letters indicate significant differences (p < 0.05) with the rest of the 

treatments for each strain and experimental set-up, using a posthoc test (Bonferroni test) after ANOVA over the whole dataset. 
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Figure 7. Linear regression analyses between A) cell abundance and ROS per cell and B) cell abundance and APA per cell. All treatments and 

species from the pH, temperature and CO2 experiments were combined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

(I, II) Without the infusion of CO2  

Strains (I) pH experiment (at 24º C) (II) Temperature experiment (adjusted to pH 8) Description 
Halothece sp. PCC 7418, Pasteur 
Culture Collection  

 

Fischerella muscicola PCC 73103, 
Pasteur Culture Collection  

 
Cobetia sp.  UIB 001, obtained: 
isolated directly from P. oceanica 

roots (Fernández-Juárez et al., 
unpublished data). GenBank: 
CP058244-CP058245 

 

Pseudomonas azotifigens DSM 
17556T, obtained from German 

Collection of Microorganisms and 
Cell Cultures GmbH (DSMZ) 
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pH 8* 
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h 

(III) With the infusion of CO2 (410 and 1000 ppm) 

Strains (i) CO2-Fe (at 24ºC, adjusted to pH 8) (ii) CO2-temperature (adjusted to pH 8) Description 

 

 

Halothece sp. PCC 7418 

 

 

 

Cobetia sp. UIB 001 

 

 

 

(+) Fe, 1 µM 
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Control, no CO2 influx:   

aCO2: 410 ppm  

eCO2: 1000 ppm    

At 120 r.p.m 12 h 

dark:12 h light 

photoperiod for 72 h, 

performed under 0.15 

mM NH3) 

Response variables 

(1) Growth (2) N2-fixation rates (3) ROS production (4) P-mechanisms (APA)* 

Supplementary Table S1. List of all treatments, strains and variables studied in this report. * Only tested for Halothece sp. and Cobetia sp.  



Supplementary Figure S1. Experimental set-up of the CO2 experiments, considering 

two different levels of CO2, aCO2: 410 ppm and elevated, eCO2: 1000 ppm, and included 

a control with no CO2 influx.  The pH level was monitored for aCO2 and eCO2.
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Supplementary Figure S2. pH monitoring under a continuous influx of atmospheric CO2 

410 ppm (atmospheric CO2, aCO2) and elevated CO2 1000 ppm (elevated CO2, eCO2) for 

Halothece sp. and Cobetia sp. 
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