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Abstract 13 

Biological nitrogen (N2) fixation is the main input of fixed nitrogen to ecosystems on 14 

Earth. Nitrogen isotope fractionation during this process is a key parameter for 15 

understanding the nitrogen cycle, however, relatively little is known about its 16 

regulatory mechanisms. Here we examine the effects of varying CO2 concentrations 17 

on biomass δ15N signatures of the cyanobacterial diazotrophs Trichodesmium 18 

erythraeum and Crocosphaera watsonii. We show that these organisms produce 19 

biomass up to ~3‰ lower in δ15N under either decreased (~180 µatm) or elevated 20 

(~1400 µatm) CO2 concentrations in comparison to modern levels (~380 µatm). Our 21 

results pointed towards changes in nitrogenase enzyme efficiency in response to CO2 22 

perturbations impacting isotopic fractionation during N2 fixation and thus the biomass 23 

δ15N. This study contributes to an improved interpretation of the observed fluctuations 24 

in the δ15N records, and thus the past nitrogen cycle on Earth. 25 

  26 
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1. Introduction 27 

Nitrogen fixation by diazotrophic bacteria converts abundant dinitrogen (N2) gas into 28 

ammonia, which sustains the oceanic N reservoir and thereby ocean productivity 29 

(Stueken et al., 2015; Gruber and Galloway, 2008; Altabet, 2007). This process is 30 

catalyzed by the metalloenzyme nitrogenase and produces organic N that is 31 

isotopically depleted in 15N (δ15N, [(15N/14Nsample/15N/14Nair) – 1] × 1,000 when 32 

expressed in per mil) relative to source N2. This is opposite to denitrification and 33 

anammox, which return lighter N to the atmosphere, leaving the marine nitrate (NO3-) 34 

pool and resulting biomass relatively enriched in 15N (Casciotti, 2016; Brunner et al., 35 

2013). Therefore, the isotope effect of N2 fixation (i.e., the fractionation factor for N2 36 

fixation, ɛfix) is a key parameter for isotope-based studies of present and past N 37 

cycling on Earth (Lloyd et al., 2020; Casciotti, 2016).   38 

 39 

The isotopic effect of N2 fixation on nitrogen was traditionally assumed to be 40 

invariant with environmental conditions and equivalent to the in vivo isotope effect 41 

of molybdenum (Mo)-nitrogenase (ɛfixMo is ∼+2‰) (Carpenter et al., 1997; 42 

Bauersachs et al., 2009; Minagawa and Wada, 1986). Researchers have therefore 43 

often adopted a δ15N value of ~ -1‰ for biomass produced by diazotrophs (Brandes 44 

and Devol, 2002; Montoya, 2008; Sigman et al., 2009). Geologists have used N inputs 45 

primarily from N2 fixation and the subsequent recycling of ammonium from 46 

diazotrophic biomass decay, to account for the low δ15N values (centered around 0‰) 47 

found in ancient sediments dating back approximately 2.7 billion years (Gyr) (Lloyd 48 

https://doi.org/10.5194/egusphere-2024-775
Preprint. Discussion started: 19 March 2024
c© Author(s) 2024. CC BY 4.0 License.



 4 

et al., 2020). However, the presence of extremely negative bulk δ15N values (<∼-2‰, 49 

can low to -7‰) in the Cretaceous Oceanic Anoxic Events (OAEs, 145–66 Myr) and 50 

the early Archean (>3.2 Gyr ago), which are not observed in modern marine 51 

sediments (Altabet and Francois, 1994; Altabet, 2007; Shen et al., 2006), challenges 52 

the current understanding of the marine nitrogen isotope budget (Brandes and Devol, 53 

2002).  54 

 55 

Until recently, studies have demonstrated that changes in environmental conditions 56 

significantly impact the δ15N values in diazotrophic biomass, providing new insights 57 

into the variability of the δ15N records. For instance, Anabaena, a filamentous 58 

cyanobacterium, shows up to a 3‰ increase in δ15N of biomass when grown in Fe-59 

limited versus Fe-enriched media (Zerkle et al., 2008), mainly due to the release of 60 

isotopically lighter N in siderophores under Fe limitation (Mcrose et al., 2019). 61 

Additionally, increased N2 partial pressure in Anabaena cultures revealed that higher 62 

pressures resulted in significantly lighter δ15N biomass, although the difference was 63 

relatively minor (less than 0.5‰) (Silverman et al., 2019). Additionally, a critical 64 

discovery potentially explaining the extremely low δ15N values in ancient sediments 65 

was the use of vanadium (V-) and Fe-only alternative nitrogenases, which yield 66 

significantly lower δ15N biomass (-6 to -7‰) (Rowell et al., 1998; Zhang et al., 2014). 67 

The mechanism by which the use of alternative nitrogenase enzymes alters isotope 68 

fractionation remains unclear. Given the lower efficiency of the V- and Fe-only 69 

nitrogenases compared to the Mo-nitrogenases (Eady, 1996; Miller and Eady, 1988), 70 
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it is possible that the commitment to N2 catalysis is decreased due to 1) a decline in N2 71 

reduction efficiency post-binding to the active site; 2) or an increased competition at 72 

the active site between N2 and H2 (Guth and Burris, 1983; Yang et al., 2013), with the 73 

latter being more abundantly produced by alternative nitrogenases (Eady, 1996). The 74 

decreased commitment to catalysis may thus lead to a more complete expression of 75 

the isotopic effect associated with the subsequent N2 bond-breaking step of the 76 

nitrogenase catalyzation.  77 

 78 

Recent studies show that ocean acidification resulting from elevated pCO2 above the 79 

modern levels (~380 µatm vs. ~800 µatm) significantly reduces the efficiency of Mo-80 

nitrogenase in the filamentous diazotrophic cyanobacterium Trichodesmium (Shi et 81 

al., 2012; Hong et al., 2017; Zhang et al., 2019; Zhang et al., 2022). This is probably 82 

attributed to a greater allocation of electrons to protons (H+) rather than N2 at low pH 83 

(8.1 vs. 7.8), as evidenced by an enhanced production of H2 (Shi et al., 2012; Pham 84 

and Burgess, 1993). Should this phenomenon be consistent across all diazotroph 85 

species and nitrogenase types, past fluctuations in atmospheric CO2 [which exceeded 86 

1500 ppm prior to 420 Myr, dropping to pre-industrial levels (ca. 280 ppm) after ~20 87 

Myr (Fig. S1)] might have notably impacted nitrogenase efficiency, and consequently, 88 

the isotopic fractionation during N2 fixation. Here we examine the effect of changing 89 

CO2 concentrations on biomass δ15N of model cyanobacterial diazotrophs 90 

Trichodesmium erythraeum IMS101 and Crocosphaera watsonii WH8501. We 91 

present the first evidence that changes in CO2 levels significantly alter the biomass 92 

https://doi.org/10.5194/egusphere-2024-775
Preprint. Discussion started: 19 March 2024
c© Author(s) 2024. CC BY 4.0 License.



 6 

δ15N of both species by impacting nitrogenase efficiency. Our findings provide new 93 

insights into the fluctuations observed in the δ15N records, and thus the Earth’s past 94 

nitrogen cycle. 95 

2. Methods 96 

2.1 Bacterial strains and culture conditions 97 

The marine cyanobacterium Trichodesmium erythraeum IMS101 and Crocosphaera 98 

watsonii WH8501 were grown in Aquil-tricho medium prepared with 0.22 µm-99 

filtered and microwave-sterilized oligotrophic South China Sea surface water (Hong 100 

et al., 2017). Cultures underwent an acclimation period spanning at least 20 101 

generations prior to starting the experiments. The medium was enriched with 10 µM 102 

chelexed (cation exchange resin) and filter-sterilized NaH2PO4, filter-sterilized 103 

vitamins and trace metals buffered with 20 µM EDTA (Sunda et al., 2005), and a 104 

replete concentration of Fe (1 µM). Cultures were unialgal and grown under five 105 

pCO2/pH (~180 to 1400 µatm, pH ~7.5 to 8.3) conditions at 27℃ and 80 µmol 106 

photons m−2 s−1 (14 h: 10 h light–dark cycle) in an AL-41L4 algae chamber 107 

(Percival). The experimental pCO2/pH was chosen to fall within the range in the last 108 

420 million years (Fig. S1) (Foster et al., 2017). All experiments were carried out with 109 

three biological replicates. Sterile techniques were applied for culturing and 110 

experimental manipulations. All data of the measured parameters including carbonate 111 

chemistry, growth and N2 fixation rates, biomass δ15N, and nitrogenase efficiency are 112 

shown in Table S1 and supplementary data. 113 
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 114 

2.2 Carbonate chemistry manipulation 115 

pCO2/pH in media was manipulated by adding different amounts of ultra-pure HCl 116 

and NaOH (both from Sigma-Aldrich Chemical) (Shi et al., 2009). The pH of media 117 

was monitored daily for Trichodesmium and every two days for Crocosphaera, using 118 

a spectrophotometric method (Zhang and Byrne, 1996) and each manipulated pH 119 

remained stable throughout the experimental period (Fig. S2). The dissolved inorganic 120 

carbon (DIC) concentration was analyzed using a CO2 analyzer (LI 7000, Apollo 121 

SciTech). Calculations of alkalinity and pCO2 were made using the CO2Sys program 122 

(Pierrot et al., 2011).  123 

 124 

2.3 Chla, cell concentrations and growth rate 125 

The growth of Trichodesmium was monitored by measuring Chla concentrations 126 

daily, while the growth of Crocosphaera was monitored through the measurement of 127 

cell abundance every two days. Trichodesmium Chla concentration was determined 128 

via extraction in 90% methanol, followed by analysis using a spectrophotometer 129 

according to De Marsac and Houmard (1988). Crocosphaera cell densities 130 

were determined using a Z2 Coulter Counter (Beckman Coulter). Specific growth 131 

rates were calculated from linear regressions of the natural logarithm of Chla or cell 132 

concentration vs. time for the exponential growth phase and four data points were 133 

included in each growth curve. 134 

 135 
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2.4 N2 fixation rates and δ15N signal of biomass  136 

N2 fixation rates were measured using the 15N2 gas dissolution method (Mohr et al., 137 

2010). Briefly, 15N2 enriched water was prepared according to Wen et al. (2022) by 138 

fully dissolving 5 mL 98% pure 15N2 gas (Cambridge Isotope Laboratories) into 500 139 

mL degassed seawater. After that, 25 mL 15N2-enriched water was added to each 250 140 

mL polycarbonate bottle containing diazotroph culture, and then incubated at the 141 

same culture conditions for 2 h. The measurement was conducted at the midpoint of 142 

the light period and dark period, respectively, for Trichodesmium and Crocosphaera. 143 

After incubation, diazotrophs were filtered onto 25 mm pre-combusted GF/F filters 144 

(Millipore). Diazotrophs were collected by filtration concurrently with the N2 fixation 145 

rate measurement, but not enriched with 15N2, to determine the natural biomass δ15N 146 

signal. All filter samples were then dried and analyzed using a Thermo Scientific 147 

Flash 2000 HT elemental analyzer coupled with a Thermo Finnigan Deltaplus 148 

Advantage isotope ratio mass spectrometer. The N2 fixation rate was calculated 149 

according to Montoya et al. (1996). 150 

 151 

2.5 Quantification of NifH proteins  152 

Trichodesmium and Crocosphaera cells were collected onto polycarbonate membrane 153 

filters (Millipore) at the midpoint of the light and dark period respectively. Proteins 154 

were extracted and denatured in an extraction buffer (50 mM Tris–HCl pH 6.8, 2% 155 

w/v SDS, 10% v/v glycerol, and 1% v/v β-mercaptoethanol) under heating at 100 °C 156 

for 10 min, followed by centrifugation at 20,000 g for 5 min to remove insoluble 157 
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material. Total protein in the supernatant was measured using the bicinchoninic acid 158 

(BCA) assay (Thermo Fisher Scientific, California, USA). Equal amounts of proteins 159 

were separated on a 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) for 160 

30 min at 200 V. Proteins were transferred to a PVDF membrane in ice-could transfer 161 

buffer [25 mM Tris, 192 mM glycine, and 2.5% (vol/vol) methanol]. The membrane 162 

was blocked with 5% milk powder in TBST buffer [Tris-buffered saline containing 163 

0.25% (vol/vol) Tween-20, pH 7.5] for 1 h. Then, the membrane was incubated for 1 164 

h with primary antibodies (Agrisera: NifH, Art no. AS01 021S), followed by 1 h 165 

incubation with Goat anti Chicken lgY (Agrisera: Art no. AS09 606) with TBST 166 

washes before and after. The membrane then was probed with alkaline phosphatase 167 

(AP stock solution, pH 9.5), and visualized with NBT/BCIP (Roche, Indianapolis). 168 

Protein bands were quantified by densitometry and protein levels were calculated 169 

from the standard (Agrisera: NifH, Art no. AS01 021S) curves. 170 

 171 

2.6 Statistical analysis 172 

Data was analyzed using MATLAB R2022b to determine the statistical significance 173 

of differences via either t-test or one-way ANOVA. A significance level of p < 0.05 174 

was applied. 175 

 176 

3. Results and discussion 177 

3.1 Growth and N2 fixation rates response to CO2 perturbations  178 
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In our study, Trichodesmium and Crocosphaera were cultivated under a range of 179 

pCO2/pH conditions, with pCO2 varying from approximately ~180 to 1400 µatm and 180 

pH levels ranging from about 7.5 to 8.3. These conditions were selected to reflect the 181 

environmental variability over the past 420 million years (Fig. S1), as outlined in 182 

Foster et al. (2017). N2 served as the sole nitrogen source for these organisms. The 183 

growth and N2 fixation rates exhibited by both species varied markedly across the 184 

different pCO2 levels, displaying a unimodal-like response to pCO2 perturbations 185 

(Fig. 1). Notably, these rates were at their peak under modern pCO2 levels (~380 186 

µatm) and decreased significantly at both lower and higher pCO2 concentrations.  187 

 188 

 189 
Figure 1. Growth and N2 fixation rates of T. erythraeum (a) and C. wastonii (b) in 190 

response to CO2 perturbations. Filled dots stand for growth rate; The open circles 191 

are N2 fixation rates. Note that N2 fixation rates of Trichodesmium and Crocosphaera 192 

are measured in different units. The values of growth rates and N2 fixation rates are 193 

presented as mean ± SD (n = 3). 194 

 195 

The response of phytoplankton to CO2 perturbations lies in the simultaneous changes 196 

in pCO2 and pH, which can have conflicting effects on their physiology and growth. 197 

a b 
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For instance, the C-fixing enzyme RubisCO of cyanobacteria (including 198 

Trichodesmium and Crocosphaera) generally has a half-saturation concentration an 199 

order of magnitude higher (> 100 μM) than the current seawater CO2 level (~10 μM) 200 

(Badger et al., 1998). This forces them to invest substantial resources and energy into 201 

carbon concentration mechanisms (CCMs) to increase intracellular CO2, particularly 202 

at low seawater pCO2 levels (e.g. ~180 µatm). Elevated environmental CO2 203 

concentrations are expected to downregulate CCMs, and thus benefit cell growth and 204 

N2 fixation (Kranz et al., 2011; Badger et al., 2006). Conversely, the concurrent 205 

decrease in seawater pH may significantly reduce the cytosolic pH and nitrogenase 206 

efficiency, and thus the growth and N2 fixation rates (Hong et al., 2017). Given that 207 

the cytosolic pH of Trichodesmium is about 1 unit lower than its environmental 208 

conditions as previously reported by Hong et al. (2017), and assuming a similar 209 

condition of Crocosphaera, the elevated CO2 levels from ~180 to 1400 µatm may 210 

decrease the cytosolic pH of both species to levels of ~7.3 to 6.5, with two lowest pHs 211 

(CO2 levels ~1000 and 1400 µatm) deviating from the optimal pH range (7–8) for 212 

nitrogenase activity (Hadfield and Bulen, 1969; Imam and Eady, 1980; Schneider et 213 

al., 1995; Pham and Burgess, 1993). Therefore, the observed increases in growth and 214 

N2 fixation rates from ~180 µatm to modern CO2 levels of 400 µatm (Fig. 1) indicate 215 

an overall dominance of beneficial effects from elevated pCO2, with minimal impact 216 

from reduced pH as the cytosolic pH is still within the optimal range. In contrast, the 217 

substantial declines in growth and N2 fixation at high CO2 levels beyond the modern 218 

levels (~1000 and 1400 µatm, Fig. 1) reflects the detrimental impacts of reduced pH, 219 
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which outweigh the positive effects of elevated pCO2. 220 

 221 

Figure 2. Biomass δ15N values of T. erythraeum and C. wastonii produced when 222 
grown in variable CO2 concentrations. White, Trichodesmium; Grey, 223 
Crocosphaera. The values of biomass δ15N are presented as mean ± SD (n = 3). The 224 
dashed line is the overall trend of biomass δ15N of both species in response to CO2 225 
perturbations. 226 
 227 

3.2 Biomass δ15N responses to CO2 perturbations  228 

The biomass δ15N of both Trichodesmium and Crocosphaera exhibit a response to 229 

pCO2/pH perturbations that is analogous to their growth and N2 fixation rates. Under 230 

modern CO2 conditions, the biomass δ15N values peaked at around -1‰ for both 231 

species (Fig. 2). These values align well within the range of -0.7 to -0.25‰ previously 232 

reported for biomass produced by Trichodesmium collected from Sargasso Sea and 233 

Caribbean Sea (Carpenter et al., 1997), and are also consistent with the biomass δ15N 234 

values typically associated with organisms utilizing the 'canonical' Mo-nitrogenase 235 

(Zhang et al., 2014). Our data reveal that any deviation from the modern pCO2 levels, 236 

either an increase or decrease, results in a significant reduction (p < 0.01, determined 237 

by one-way ANOVA) in biomass δ15N. Specifically, at ~1400 µatm pCO2, the 238 
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biomass δ15N decreased by a maximum of 2.0‰ for Trichodesmium and 2.7‰ for 239 

Crocosphaera.  240 

 241 

Our study shows for the first time that CO2 exerts important controls on the N isotopic 242 

composition of diazotrophic biomass. Additionally, we observed that both growth and 243 

N2 fixation rates were significantly positively correlated with biomass δ15N (R2 for 244 

both species are higher than 0.9, p < 0.05, Fig. S3). The mechanisms behind these 245 

strong correlations remain unclear. Regarding the mechanism behind the ocean 246 

acidification effect on Trichodesmium, previous research has indicated that a decrease 247 

in nitrogenase efficiency at elevated pCO2 levels above 400 µatm, is a primary factor 248 

leading to reduced growth and N2 fixation rates (Hong et al., 2017; Shi et al., 2012). 249 

Additionally, it has been inferred that changes in nitrogenase efficiency can also 250 

impact isotopic fractionation during N2 fixation. For instance, the lower efficiency of 251 

alternative V- and Fe-only nitrogenases compared to the canonical Mo-nitrogenase 252 

(Miller and Eady, 1988; Eady, 1996) is hypothesized to result in a more pronounced 253 

isotopic effect during N2 fixation, thereby leading to more negative δ15N values in 254 

biomass (Zhang et al., 2014). We thus hypothesize that the correlations of growth and 255 

N2 fixation rates with biomass δ15N in our study, are mediated by nitrogenase 256 

efficiency under CO2 perturbation. 257 
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 258 
Figure 3. Nitrogenase efficiency of T. erythraeum (a) and C. wastonii (b) in 259 

response to CO2 perturbations. The filled squares stand for the nitrogenase 260 

efficiency; The hollow bars are nitrogenase reductase (NifH) protein abundances. 261 

Data shows the mean ± standard deviation of n = 3 biological replicates. 262 

 263 

We therefore calculated the nitrogenase efficiency of Trichodesmium and 264 

Crocosphaera by normalizing 15N2-based N2 fixation rates to the abundance of 265 

nitrogenase reductase (NifH) protein. In alignment with previous finding, we 266 

observed significant reductions in nitrogenase efficiency for both species under 267 

elevated CO2 conditions (corresponding to decreased pH) above the modern levels (p 268 

< 0.05, One-way ANOVA, Fig. 3). This reduction was attributed to a decrease in N2 269 

fixation rates coupled with an increase in NifH protein production (Figs. 1 and 3). We 270 

a 

b 
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also noted a significant decrease in nitrogenase efficiency at ~180 µatm pCO2 271 

compared to modern pCO2 levels (p < 0.05, One-way ANOVA, Fig. 3). As discussed 272 

above, under low CO2 concentrations (< 380 µatm), Trichodesmium and 273 

Crocosphaera will need to invest substantial resources and energy into CCMs 274 

to enhance the efficiency of RubisCO carboxylation, thereby reducing the risk of 275 

carbon limitation (Giordano et al., 2005; Badger et al., 2006; Kaplan and Reinhold, 276 

1999). Enhanced expression of CCMs may thus divert energy and resources that 277 

would otherwise be allocated to other cellular metabolic pathways, such as N2 fixation 278 

(Levitan et al., 2007; Kranz et al., 2009; Barcelos E Ramos et al., 2007). We therefore 279 

hypothesize that CO2 limitation may reduce energy and reductant supply to 280 

nitrogenase and decrease the enzyme efficiency, though the mechanism remained 281 

unsolved. Irrespective of the specific mechanisms driving variations in nitrogenase 282 

efficiency, we found significant positive correlations between CO2-controlled 283 

nitrogenase efficiency and biomass δ15N (R2 = 0.99, p < 0.001 and R2 = 0.93, p = 284 

0.007 for Trichodesmium and Crocosphaera respectively, Fig. 4). Our results 285 

therefore point towards the potential roles of nitrogenase efficiency in regulating the 286 

kinetic isotopic effect of N2 fixation. 287 
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 288 
Figure 4. Relationships between nitrogenase efficiency and biomass δ15N. Open 289 

squares, Trichodesmium; Grey squares, Crocosphaera. Data shows the mean ± 290 

standard deviation of n = 3 biological replicates. 291 

 292 

4. Conclusion and implications 293 

Our research has established that CO2 perturbation significantly affects the N isotopic 294 

fractionation during cyanobacterial N2 fixation. We observed significant 15N-depleted 295 

biomass in cyanobacterial diazotrophs grown under CO2 concentrations either below 296 

or above modern levels. These findings appear to be strongly linked to the efficiency 297 

of nitrogenase. This study suggests a mechanism through which fluctuations in CO2 298 

could influence trends in δ15N values preserved in ancient organic matter found in 299 

sediments. 300 

 301 

During glacial/interglacial cycles over the past 800,000 years (as illustrated in Fig. 302 

S1), the periodic presence of lighter sediment δ15N [as low as ~2–4‰ in the 303 

(sub)tropical regions] during interglacial periods has been previously associated with 304 
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changes in upper water column structure, sea level, and ocean circulation, which lead 305 

to the import of 'excess' phosphorus into the ocean surface and consequently enhance 306 

N2 fixation (Ren et al., 2009; Straub et al., 2013; Li et al., 2019). If our short-term 307 

experimental observations are indicative of diazotroph growth patterns in the 308 

geological past, it could be inferred that the elevated CO2 levels during the interglacial 309 

periods (rising from ~180 µatm to 300 µatm) might have resulted in 0.5 to 1‰ lesser 310 

isotopic effect of Mo-nitrogenase and thus isotopically heavier N biomass by 311 

cyanobacterial diazotrophs. This suggests that isotope-based study into the 312 

contribution of N2 fixation to the overall N inputs during glacial/interglacial periods 313 

needs to take into account the impact of environmental changes on the isotopic 314 

fractionation of N2 fixation. Furthermore, prior to the Miocene epoch (> 20 million 315 

years ago, as shown in Fig. S1), elevated CO2 (up to ~ 5000 µatm at 201 Myr) above 316 

modern levels (~380 µatm) (Hönisch et al., 2012) might have also led to the 317 

production of isotopically lighter biomass. This could offer additional insights into the 318 

anomalously low δ15N values (< –2‰) observed in sediments from the Oceanic 319 

Anoxic Events of the Cretaceous period (145–66 Myr), suggesting that if extant 320 

diazotrophs utilizing alternative nitrogenases during these periods responded similarly 321 

to the changes in CO2 as observed in our study, it could partly explain those low δ15N 322 

sediment values (Lloyd et al., 2020).  323 

 324 

 325 

 326 

 327 
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