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Abstract Biological N2 fixation has been crucial for sustaining early life on Earth. Very negative δ
15N

values detected in Archean sediments, which are not observed in present‐day environments, have been
attributed to the low efficiency of proto‐nitrogenases. Alternatively, variations in early atmospheric CO2 may
also play a role. Here we examine the effects of CO2 concentrations on the biomass δ

15N signatures of the
diazotrophs Trichodesmium erythraeum andCrocosphaera watsonii, which utilizeMo‐Fe nitrogenase (the most
common form of the enzyme). Our results show that these organisms produce biomass with δ15N values up to
∼3‰ lower under both decreased and elevated CO2 concentrations compared to modern levels (∼380 μatm).
These deviations from modern CO2 levels reduce nitrogenase enzyme efficiency, leading to increased
organismal isotopic fractionation during N2 fixation. This study offers an alternative explanation for the
observed fluctuations in geological δ15N records and provides new insights into the past nitrogen cycle on Earth.

Plain Language Summary The isotope effect of biological N2 fixation is crucial for understanding
the nitrogen cycle, but its regulation under different atmospheric CO2 levels as appeared in Earth's history is not
well understood. Our research shows that CO2 levels significantly influence the nitrogen isotope composition in
the biomass of the diazotrophic cyanobacteria Trichodesmium and Crocosphaera by affecting the nitrogenase
efficiency and thus the growth rate. This study sheds light on the geological changes in the δ15N records and
provides new insights into the historical nitrogen cycle on Earth.

1. Introduction
Nitrogen fixation by diazotrophic bacteria converts abundant dinitrogen (N2) gas into ammonia, which sustains
the oceanic N reservoir and thereby ocean productivity (Altabet, 2007; Gruber & Galloway, 2008; Stueken
et al., 2015). This process is catalyzed by the metalloenzyme nitrogenase and produces organic N that is isoto-
pically depleted in 15N (δ15N, [(15N/14Nsample/

15N/14Nair) − 1] × 1,000 when expressed in per mil) relative to
source N2. This is opposite to denitrification and anammox, which return lighter N to the atmosphere and hence
leave the marine nitrate (NO3

− ) pool and resulting biomass relatively enriched in 15N (Brunner et al., 2013;
Casciotti, 2016). Therefore, the isotope effect of N2 fixation (i.e., the fractionation factor for N2 fixation, ɛfix) is a
key parameter for isotope‐based studies of present and past N cycling on Earth (Casciotti, 2016; Lloyd
et al., 2020).

The isotopic effect of N2 fixation on nitrogen was traditionally assumed to be invariant with environmental
conditions and equivalent to the in vivo isotope effect of molybdenum (Mo)‐nitrogenase (∼− 2‰) (Bauersachs
et al., 2009; Carpenter et al., 1997; Minagawa & Wada, 1986). Researchers have therefore often adopted a δ15N
value of ∼− 1‰ (∼2‰ lower than the δ15N of dissolved N2 substrate, +0.7‰) for biomass produced by diaz-
otrophs (Brandes & Devol, 2002; Montoya, 2008; Sigman et al., 2009). Geologists have used N inputs primarily
from N2 fixation and the subsequent recycling of ammonium from diazotrophic biomass decay, to account for the
low δ15N values (centered around 0‰) found in ancient sediments dating back approximately 3.2 billion years
(Gyr) (Stueken et al., 2015). However, the presence of extremely negative bulk δ15N values (<∼− 2‰, can low to
− 7‰) in the Cretaceous Oceanic Anoxic Events (OAEs, 145–166 Myr) and the early Archean (>3.2 Gyr ago),
which are not observed in modern marine sediments (Altabet, 2007; Altabet & Francois, 1994; Shen et al., 2006),
challenges the current understanding of the marine nitrogen isotope budget (Brandes & Devol, 2002).
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The low δ15N values observed during OAEs have been previously explained as the assimilation of ammonium by
dominant eukaryotes supplemented by diazotrophy (Higgins et al., 2012). Alternatively, recent studies have
demonstrated that changes in environmental conditions significantly impact the δ15N values in diazotrophic
biomass, providing new insights into the variability of the δ15N records. For instance, the heterocystous cya-
nobacteria Anabaena shows up to a 3‰ increase in δ15N of biomass when grown in Fe‐limited versus Fe‐
enriched media (Zerkle et al., 2008), likely due to the release of isotopically lighter N in siderophores under
Fe limitation (McRose et al., 2019). Additionally, increased N2 partial pressure in Anabaena cultures resulted in
significantly lighter δ15N biomass, although the difference was relatively minor (less than 0.5‰) (Silverman
et al., 2019). A critical discovery potentially explaining the extremely low δ15N values in ancient sediments was
the use of vanadium (V) and iron (Fe)‐only alternative nitrogenases, which yield significantly lower δ15N biomass
(− 6 to − 7‰) (Rowell et al., 1998; Zhang et al., 2014). However, the mechanism by which the use of alternative
nitrogenase enzymes alters isotope fractionation remains uncertain. Given the lower efficiency of the V‐ and Fe‐
only nitrogenases compared to the Mo‐nitrogenases (Eady, 1996; Miller & Eady, 1988), it is possible that the
commitment to N2 catalysis is decreased due to (a) a decline in N2 reduction efficiency post‐binding to the active
site; (b) or an increased competition at the active site between N2 and H2 (Guth & Burris, 1983; Yang et al., 2013),
with the latter being more abundantly produced by alternative nitrogenases (Eady, 1996). The decreased
commitment to catalysis may thus lead to a more complete expression of the isotopic effect associated with the
subsequent N2 bond‐breaking step of the nitrogenase catalyzation.

Recent studies show that ocean acidification resulting from elevated atmospheric carbon dioxide (CO2) above the
modern levels (∼380 μatm vs. ∼800 μatm) significantly reduces the efficiency of Mo‐nitrogenase in the fila-
mentous diazotrophic cyanobacterium Trichodesmium (Hong et al., 2017; Zhang et al., 2019). This is probably
attributed to a greater allocation of electrons to protons (H+) rather than N2 at low pH (8.1 vs. 7.8), as evidenced
by an enhanced production of H2 (Pham&Burgess, 1993; Shi et al., 2012). Should this phenomenon be consistent
across all diazotroph species and nitrogenase types, past fluctuations in atmospheric CO2 (which exceeded
1,500 ppm prior to 420 Myr or even higher in Archean, dropping to pre‐industrial levels [ca. 280 ppm] after
∼20 Myr [Figure S1 in Supporting Information S1]) might have notably impacted nitrogenase efficiency, and
consequently, the isotopic fractionation during N2 fixation.

In this study, we examined the effect of changing CO2 concentrations on biomass δ
15N of the important cya-

nobacterial diazotrophs Trichodesmium erythraeum and Crocosphaera watsonii. We reported the first evidence
that changes in CO2 levels significantly alter the biomass δ

15N of both species by impacting nitrogenase effi-
ciency. Our findings provide new insights into the fluctuations observed in the δ15N records, and thus the Earth's
past nitrogen cycle.

2. Materials and Methods
2.1. Diazotroph Strains and Culture Conditions

The marine cyanobacteria Trichodesmium erythraeum IMS101 and Crocosphaera watsonii WH8501 were
grown in Aquil‐tricho medium prepared with 0.22 μm‐filtered and microwave‐sterilized oligotrophic South
China Sea surface water (Hong et al., 2017). Cultures underwent an acclimation period spanning at least 20
generations prior to starting the experiments. The medium was enriched with 10 μM chelexed and filter‐
sterilized NaH2PO4, filter‐sterilized vitamins and trace metals buffered with 20 μM EDTA (Sunda
et al., 2005), and a replete concentration of Fe (1 μM). Cultures were grown under five pCO2/pH (∼180–
1,400 μatm, pH ∼7.5 to 8.3, Table S1 in Supporting Information S1) conditions at 27°C and 80 μmol photons
m− 2 s− 1 (14 hr:10 hr light‐dark cycle). All experiments were carried out with three biological replicates. Cultures
of C. watsonii were axenic, however, cultures of T. erythraeum were not. For both of the two species, sterile
techniques were applied for culturing and experimental manipulations. Heterotrophic bacteria abundance in T.
erythraeum culture was measured using flow cytometry. The total bacterial N biomass was less than 0.32%
(n = 3) of T. erythraeum N biomass, calculated by assuming an oceanic bacterial cell content of 2.1 fg N cell− 1

(Fukuda et al., 1998). All data of the measured parameters including carbonate chemistry, growth and N2 fix-
ation rates, biomass δ15N, and nitrogenase efficiency are shown in Table S1 in Supporting Information S1 and a
data set (Shi & Wen, 2024).
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2.2. Carbonate Chemistry Manipulation

pCO2/pH in media was manipulated by adding different amounts of ultra‐pure HCl and NaOH (both from Sigma‐
Aldrich Chemical) (Shi et al., 2009). The pH of media was monitored daily for T. erythraeum and every 2 days for
C. watsonii, using a spectrophotometric method (H. Zhang & Byrne, 1996) and each manipulated pH remained
stable throughout the experimental period (Figure S2 in Supporting Information S1). The dissolved inorganic
carbon (DIC) concentration was analyzed using a CO2 analyzer (LI 7000, Apollo SciTech). Calculations of
alkalinity and pCO2 were made using the CO2Sys program (Pierrot et al., 2011).

2.3. Chl a, Cell Concentrations and Growth Rate

The growth of T. erythraeum was monitored by measuring Chl a concentration daily, while the growth of C.
watsonii was monitored through the measurement of cell abundance every 2 days. T. erythraeum Chl a con-
centration was determined via extraction in 90% methanol, followed by analysis using a spectrophotometer ac-
cording to deMarsac and Houmard (1988). C. watsonii cell densities were determined using a Z2 Coulter Counter
(Beckman Coulter). Specific growth rates were calculated from linear regressions of the natural logarithm of Chl
a or cell concentration versus time for the exponential growth phase and four data points were included in each
growth curve.

2.4. N2 Fixation Rates and δ15N Signal of Biomass

N2 fixation rates were measured using the
15N2 gas dissolution method (Mohr et al., 2010). The test for potential

contamination of 15N2 gas (Cambridge Isotope Laboratories, Lot #: I‐19197/AR0586172) has been reported by
Lu et al. (2018). The values of δ15N of total dissolved nitrogen of the blank seawater and 15N2 gas pre‐dissolved
seawater were 4.7 and 5.0‰, respectively, suggesting no contamination of the 15N2 gas (Lu et al., 2018). The
15N2‐enriched water was prepared by dissolving 5 mL

15N2 gas into 500 mL degassed seawater. After that, 25 mL
15N2‐enriched water was added to each 250 mL polycarbonate bottle containing diazotroph culture, and then
incubated under the same culture conditions for 2 hr. The measurement was conducted at the midpoint of the light
period and dark period, respectively, for T. erythraeum and C. watsonii. After incubation, diazotrophs were
filtered onto 25 mm pre‐combusted GF/F filters. Diazotrophs not enriched with 15N2 were also collected by
filtration concurrently with the N2 fixation rate measurement to determine the natural biomass δ

15N signal. All
filter samples were then dried and analyzed using a Thermo Scientific Flash 2,000 HT elemental analyzer coupled
with a Thermo Finnigan Deltaplus Advantage isotope ratio mass spectrometer. The average reproducibility of
USGS‐40 standard was ±0.3‰ for δ15N. The N2 fixation rate was calculated according to Montoya et al. (1996).

2.5. Quantification of NifH Proteins

For the analysis of nitrogenase (NifH) protein abundance, T. erythraeum andC. watsonii cells were collected onto
polycarbonate membrane filters at the midpoint of the light and dark period respectively. Proteins were extracted
and denatured in an extraction buffer (50 mM Tris–HCl, pH 6.8, 2% w/v SDS, 10% v/v glycerol, and 1% v/v β‐
mercaptoethanol) under heating at 100°C for 10 min, followed by centrifugation at 20,000 g for 5 min to remove
insoluble material. Total protein in the supernatant was measured using the bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific, California, USA). Equal amounts of proteins were separated on a 12% sodium dodecyl
sulfate‐polyacrylamide gel (SDS‐PAGE) for 30 min at 200 V. Proteins were transferred to a PVDF membrane in
ice‐could transfer buffer (25 mM Tris, 192 mM glycine, and 2.5% [vol/vol] methanol). The membrane was
blocked with 5% milk powder in TBST buffer (Tris‐buffered saline containing 0.25% [vol/vol] Tween‐20, pH
7.5) for 1 hr. Then, the membrane was incubated for 1 hr with primary antibodies (Agrisera: NifH, Art no. AS01
021S), followed by 1 hr incubation with Goat anti Chicken lgY (Agrisera: Art no. AS09 606) with TBST washes
before and after. The membrane then was probed with alkaline phosphatase (AP stock solution, pH 9.5), and
visualized with NBT/BCIP (Roche, Indianapolis). Protein bands were quantified by densitometry and protein
levels were calculated from the standard (Agrisera: NifH, Art no. AS01 021S) curves.

2.6. Statistical Analysis

Data was analyzed usingMATLABR2022b to determine the statistical significance of differences via either t‐test
or one‐way ANOVA. A significance level of p < 0.05 was applied.
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3. Results and Discussion
3.1. Growth and N2 Fixation Rates Response to CO2 Perturbations

In our study, T. erythraeum and C. watsonii were cultivated under a range of pCO2/pH conditions, with pCO2
varying from approximately ∼180–1,400 μatm and accordingly pH levels ranging from about 7.5 to 8.3. These
conditions were selected to reflect the environmental variability over the past 420 million years (Figure S1 in
Supporting Information S1), as outlined in Foster et al. (2017). The growth and N2 fixation rates exhibited by both
species varied markedly across the different pCO2 levels, displaying a unimodal‐like response to pCO2 pertur-
bations (Figure 1 and Table S1 in Supporting Information S1). Notably, these rates were at their peak under
modern pCO2 levels (∼380 μatm) and decreased significantly at both lower and higher pCO2 concentrations.

The response of phytoplankton to CO2 perturbations lies in the simultaneous changes in seawater pCO2 and pH,
which can have conflicting effects on their physiology and growth. For instance, the carbon‐fixing enzyme
RubisCO of cyanobacteria (including Trichodesmium and Crocosphaera) generally has a half‐saturation con-
centration an order of magnitude higher (>100 μM) than the current seawater CO2 level (∼10 μM) (Badger
et al., 1998). This forces them to invest substantial resources and energy into carbon concentrating mechanisms
(CCMs) to increase intracellular CO2, particularly at low seawater pCO2 levels (e.g., ∼180 μatm). Elevated
environmental CO2 concentrations are expected to downregulate CCMs, and thus benefit cell growth and N2
fixation (Badger et al., 2006; Hong et al., 2017; Kranz et al., 2011). Conversely, the concurrent decrease in
seawater pH may reduce the cytosolic pH and nitrogenase efficiency, and thus the growth and N2 fixation rates
(Hong et al., 2017). Given that the cytosolic pH of T. erythraeum is about 1 unit lower than its environmental
conditions as previously reported by Hong et al. (2017), and assuming a similar condition of Crocosphaera, the
increasing CO2 levels from ∼180 to 1,400 μatm may decrease the cytosolic pH of both diazotroph species from
levels of ∼7.3 to 6.5, with two lowest pHs (CO2 levels ∼1,000 and 1,400 μatm) deviating from the optimal pH
range (7–8) for nitrogenase activity (Hadfield & Bulen, 1969; Imam & Eady, 1980; Pham & Burgess, 1993;
Schneider et al., 1995). Therefore, the observed increases in growth and N2 fixation rates from ∼180 μatm to
modern CO2 levels (Figure 1) indicate an overall dominance of beneficial effects of elevated pCO2, with minimal
impact of reduced pH as the cytosolic pH is still within the optimal range. In contrast, the substantial declines in
growth and N2 fixation at high CO2 levels above the modern levels (∼1,000 and 1,400 μatm, Figure 1) reflect the
detrimental impacts of reduced pH, which outweigh the positive effects of elevated pCO2. Our results on the two
diazotrophic species thus provide further evidence supporting the tradeoff between the effects of pCO2 and pH on
diazotrophs in response to CO2 perturbation.

Figure 1. Growth and N2 fixation rates of T. erythraeum (a) and C. watsonii (b) in response to CO2 perturbations. Filled dots stand for growth rate; The open circles are
N2 fixation rates. Note that N2 fixation rates of T. erythraeum and C. watsonii are measured in different units. The values of growth rates and N2 fixation rates are
presented as mean ± SD (n = 3).
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3.2. Biomass δ15N Responses to CO2 Perturbations

The biomass δ15N of both T. erythraeum and C. watsonii exhibit a response to
pCO2/pH perturbations that is analogous to their growth and N2 fixation rates.
Under modern CO2 conditions, the biomass δ

15N values peaked at around
− 1‰ for both species (Figure 2). These values align well within the range of
− 0.7 to − 0.25‰ previously reported for biomass produced by Trichodes-
mium collected from Sargasso Sea and Caribbean Sea (Carpenter et al., 1997),
and are also consistent with the biomass δ15N values typically associated with
organisms utilizing the “canonical” Mo‐nitrogenase (Zhang et al., 2014). Our
data reveal that any deviation from the modern pCO2 levels, either an increase
or a decrease, results in a significant reduction (p < 0.01, one‐way ANOVA)
in biomass δ15N. Specifically, at ∼1,400 μatm pCO2, the biomass δ

15N
decreased by a maximum of 2.0‰ for T. erythraeum and 2.7‰ for C.
watsonii.

Our study shows for the first time that CO2 exerts important controls on the N
isotopic composition of diazotrophic biomass. Moreover, we observed that
both N2 fixation and growth rates were significantly positively correlated with
biomass δ15N (R2 for both species are higher than 0.9, p < 0.05, Figure S3 in
Supporting Information S1). The mechanisms behind these strong correla-
tions remain unclear. We propose a quasi‐steady‐state cellular model for
Trichodesmium and Crocosphaera (Figure S4 in Supporting Information S1)

to help understand the relationship between organismal δ15N and N2 fixation rate/growth rates, which was
adapted from the approach on the heterocystous cyanobacteria A. cylindreica employed by Silverman
et al. (2019). This cellular model relates the observed organismal isotope fractionation εN.Biomass/N2.gas (defined
here as δ15NBiomass–δ

15NN2.gas, with δ
15NN2.gas = 0‰) to the equilibrium fractionation factor between the

aqueous and gaseous phase of N2 (εaq/g), the intrinsic kinetic isotope fractionation of nitrogenase during the N2
fixation reaction (εfix), the extracellular concentration of N2 (CN2.ext), the N2 diffusion rate constant (K1), and the
rate of N2 fixation by nitrogenase in the cells (Φfix) (for more detailed descriptions, see Supporting Information):

εNBiomass
N2.gas

= δNbiomass = εaq
g
+ εfix −

εfix
K1 × CN2 · ext

×Φfix

where εaq/g, K1, and CN2.ext were constant in our culture system. If εfix was assumed to be stable between the
different CO2 treatments, the rate of N2 fixation by nitrogenase in the cells (Φfix), which was con-
strained by the measured N2 fixation rates, was then the key variable that determined the organismal isotope effect
(εN.Biomass/N2.gas). Consistently, our results showed that the organismal isotope effects were strongly correlated
with N2 fixation rates (Figures S3c and S3d in Supporting Information S1). In addition, as the N2 fixation rates of
both species were significantly correlated with the growth rates (R2 > 0.95, p < 0.01, Figure S5a in Supporting
Information S1), εN.Biomass/N2.gas can also be related to growth rate (μ) by replacing Φfix with its function of μ
(Equation S5 in Supporting Information S1). In this regard, our results were consistent with the previous finding
of a growth rate‐dependent organismal isotope effect during N2 fixation in the heterocystous cyanobacteria A.
cylindreica (Silverman et al., 2019).

Furthermore, previous research has indicated that a decrease in nitrogenase efficiency at elevated pCO2 levels
above 400 μatm leads to reduced growth and N2 fixation rates of T. erythraeum (Hong et al., 2017; Shi
et al., 2012). More importantly, it has been inferred that changes in nitrogenase efficiency can also impact isotopic
fractionation during N2 fixation (Zhang et al., 2014). We thus hypothesized that in our study the correlations of
growth and N2 fixation rates with biomass δ

15N were mediated by nitrogenase efficiency under CO2 perturbation.
We therefore calculated the nitrogenase efficiency of T. erythraeum and C. watsonii by normalizing 15N2‐based
N2 fixation rates to the abundance of nitrogenase reductase (NifH) protein. In alignment with previous findings,
we observed significant reductions in nitrogenase efficiency for both species under elevated CO2 conditions
(corresponding to decreased pH) above the modern levels (p < 0.05, One‐way ANOVA, Figure 3). This reduction
was attributed to a decrease in N2 fixation rates coupled with an increase in NifH protein production (Figures 1
and 3). As discussed above, the concurrent decrease in seawater pH with elevated pCO2 may reduce the cytosolic

Figure 2. Biomass δ15N values of T. erythraeum and C. watsonii produced
when grown in variable CO2 concentrations. White, Trichodesmium; Gray,
Crocosphaera. The values of biomass δ15N are presented as
mean ± SD (n = 3).
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pH that deviates from the optimal pH range (7–8) for nitrogenase activity, resulting in lower nitrogenase effi-
ciency (Hong et al., 2017). We also noted a significant decrease in nitrogenase efficiency at ∼180 μatm pCO2
compared to modern pCO2 levels (p < 0.05, One‐way ANOVA, Figure 3). Under low CO2 concentrations, T.
erythraeum and C. watsonii would need to invest substantial resources and energy into CCMs to enhance the
efficiency of RubisCO carboxylation, thereby alleviating carbon limitation (Badger et al., 2006; Giordano
et al., 2005; Kaplan & Reinhold, 1999). Upregulation of CCMs may thus divert energy and resources that would
otherwise be allocated to other cellular metabolic pathways, such as N2 fixation (Barcelos e Ramos et al., 2007;
Kranz et al., 2009; Levitan et al., 2007). Therefore, it is plausible that CO2 limitation may reduce energy and
reductant supply to nitrogenase and decrease the enzyme efficiency. Regardless of the specific mechanisms
responsible for variations in nitrogenase efficiency, we found that CO2‐controlled nitrogenase efficiency was
significantly positively correlated with N2 fixation and the biomass δ

15N of T. erythraeum and C. watsonii
(R2 > 0.9, p < 0.05, Figure 4 and Figure S5b in Supporting Information S1). Given these strong correlations,

Figure 3. Nitrogenase efficiency of T. erythraeum (a) and C. watsonii (b) in response to CO2 perturbations. The filled squares
stand for the nitrogenase efficiency; The hollow bars are nitrogenase reductase (NifH) protein abundances. Data shows the
mean ± standard deviation of n = 3 biological replicates.
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εN.Biomass/N2.gas can be related to nitrogenase efficiency (E) by replacing Φfix
with its function of E (Equation S6 in Supporting Information S1). Our results
thus point toward the important role of nitrogenase efficiency in regulating
the organismal isotopic effect of N2 fixation along the CO2 gradients. It
should be noted that in the above discussion, εfix was assumed to be constant,
despite nitrogenase efficiencies of T. erythraeum and C. watsonii changing
with the varying CO2 concentrations in the culture system. It was suggested
that the lower efficiency of alternative V‐ and Fe‐only nitrogenases could
result in a more pronounced isotopic effect during N2 fixation, compared to
the canonical Mo‐nitrogenase (Eady, 1996; Miller & Eady, 1988). The pos-
sibility that the εfixmay be altered potentially due to the change of nitrogenase
efficiency could not be ruled out, although the exact effect and mechanisms
remained unclear.

Interestingly, despite the different nitrogenase efficiencies between T.
erythraeum and C. watsonii, their biomass δ15N values were not significantly
different (Figures 2 and 3). These results imply that other factors controlling
the organismal isotope effect had different impacts between the two species.
For instance, N2 diffusion transport could be more complicated in filamentous
T. erythraeum due to its segregation of N2 fixation and oxygenic photosyn-
thesis (Berman‐Frank et al., 2001), while unicellular diazotroph C. watsonii
may be less affected by N2 diffusion issues. In addition, given the genetic
differences between T. erythraeum and C. watsonii (Zehr & Kudela, 2011), it

is inferred that the values of εfix, which is essential to determine the overall organismal isotope effect, may differ
in the two species. Overall, the observed organismal isotope effects are the combined results of all the factors
mentioned above, which need to be fully understood in the future.

4. Conclusions
Our research has established that CO2 perturbation significantly affects the N isotopic fractionation during
cyanobacterial N2 fixation. We observed significant

15N‐depleted biomass in cyanobacterial diazotrophs grown
under CO2 concentrations either below or above modern levels. These findings appear to be strongly linked to
the efficiency of nitrogenase. This study suggests a mechanism through which fluctuations in CO2 could in-
fluence trends in δ15N values preserved in ancient organic matter found in sediments. For example, if our
experimental observations are indicative of diazotroph growth patterns in the geological past, it could be
inferred that the elevated CO2 (up to ∼ 5,000 μatm at 201 Myr) above modern levels (∼380 μatm) prior to the
Miocene epoch (>20 million years ago, Figure S1 in Supporting Information S1) (Hönisch et al., 2012) might
have led to the production of isotopically lighter biomass and the CO2 influence on δ

15N can be preserved in
ancient organic matter found in sediments. Our findings could offer additional insights into the anomalously
low δ15N values (<− 2‰) observed in sediments from the OAEs of the Cretaceous period (145–166 Myr),
suggesting that if extant diazotrophs utilizing alternative nitrogenases during these periods responded similarly
to the changes in CO2 as observed in our study, it could partly explain those low δ

15N sediment values (Lloyd
et al., 2020). In addition to CO2, environmental factors such as light, temperature and nutrients, which have
undergone significant changes throughout Earth's history, are expected to be critical co‐drivers that may
interactively impact nitrogenase efficiency and consequently nitrogen isotope fractionation. These interactions
warrant further investigation.

Data Availability Statement
All data needed to evaluate the conclusions in the paper has been published in Figshare (Shi & Wen, 2024).
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