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Supplementary Text  

Supplementary Text 1. Model parameterization 

Parameters originate from literature sources and were converted to appropriate units as needed.  

UCYN-A nitroplast and haptophyte cell sizes and carbon content 

Seawater samples from the North Pacific Ocean revealed that UCYN-A nitroplasts, with 
characteristic sizes between 0.31 to 0.92 µm in diameter, were predominantly associated with 
haptophyte cells ranging from 0.99 to 1.76 µm in diameter1. For our model, we chose diameters, 
𝑑# = 0.6	µm and 𝑑) = 1.4	µm for nitroplasts and the haptophyte, respectively, ensuring that the 
ratio between the two matches the empirically observed value of 2.33 2. With this consideration, 
we have specifically investigated the dynamics of the clade UCYN-A1. 

We choose a thickness of the cell wall (𝐿-) of 10 nm 3, which is same for both cells. 
Furthermore, by applying a ratio of 29:1 for the radius of cellular cytoplasm (𝑟/) and plasma 
membrane (𝐿0)4 and assuming the radius of cells (𝑟) as 𝑟 = 𝑟/ + 𝐿0 + 𝐿-, we calculated both 
𝑟/  and 𝐿0. These parameters are useful in calculating the reduction in diffusivity of oxygen in 
the plasma membrane compared to water. 

We have obtained the cellular carbon content by using the conversion factor between 
cellular carbon (C pg) and cell volume (V µm3) 5 as  

log(C) = – 0.363 + 0.863× log𝑉.        (35) 

Parameters related to photosynthesis and nutrient uptake rates 

The values of the parameters related to maximum photosynthetic rate (𝐽8,0:;) ) of the haptophyte 
were calibrated using log-transformed empirical data6 for maximum photosynthetic rate of 
phytoplankton and the fit of the equation with data is shown in Fig. 2a in the main text. 
Parameters, 𝑎8 and 𝑏8, corresponding to the light affinity (𝛼8) are calibrated by comparing with 
empirical data7 and the fit is shown in Fig. 2b in the main text. 

The data for maximum phosphate uptake rate (𝐽?,0:;) and affinity for phosphate (𝛼?) for 
the haptophyte are taken from Marañón et al.6 and the fits are shown in Fig. 2d,e. Regarding 
nutrient uptake rates, the data for maximum iron uptake rate (𝐽@A,0:;) and affinity for iron (𝛼@A) 
are, respectively, taken from Lis et al.8 and Lory et al.9, and the fits are shown in Fig. 2g,h.  

Previous measurements document a transfer of about 9 – 23 % of fixed C from the 
haptophyte to UCYN-A11,10. Although, in our present study, the haptophyte cell determines the 
transfer of C from the haptophyte to nitroplast to maximize its growth rate, we assume that the 
haptophyte transfers a similar constant amount, 15 % (𝜎 = 0.15), of Fe and P to the nitroplast.  

Parameters related to 𝑁E fixation rate 

For the UCYN-A1 clade, Turk-Kubo et al.11 measured single cell N2 fixation rate of 30.5 
fmol cell-1 d-1 with an average of 6.6±8.8 fmol cell-1 d-1 in Southern California Current System. 
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The average cell specific N2 fixation rate for UCYN-A1 from tropical North Atlantic was 
measured as 12 fmol cell-1 d-1 12. In the present study, we consider the maximum NE fixation rate 
of 𝑀IJ = 20 fmol cell-1 d-1 while our cells adjust the actual amount of fixed N2 based on their 
requirements which are mainly determined by the surrounding environment. 

Cellular ratios of carbon to other nutrients and oxygen 

Samples from tropical North Atlantic Ocean show similar C:N ratio of 6.3 mol C (mol N)-1 for 
both the nitroplast and the haptophyte12. Accordingly, we have chosen 𝜌/I = 6.3 fmol C (fmol 
N)-1.  

Using high-frequency in situ observations of oxygen and carbon concentrations from the 
North Pacific Ocean, Freitas et al.13 found a photosynthetic quotient of 0.7 mol C (mol O2)-1 and 
respiratory quotient of 1 mol C (mol O2)-1. For our purpose, we have used the same values, 𝜌/M?  = 
0.7 mol C (mol O2)-1 and 𝜌/MN  = 1 mol C (mol O2)-1, but converted these units to fmol C (µmol 
O2)-1.  

The C:Fe ratio (𝜌/@A) of B. bigelowii/UCYN-A is taken similar to the C:Fe ratio of another 
N2 fixing organism Crocosphaera spp. (0.083 mol C (µmol Fe)-1) measured during a laboratory 
experiment14. However, for our purpose, we converted the unit to fmol C (nmol Fe)-1. 

Unialgal batch cultures of Trichodesmium erythraeum, strain IMS101, show C:P ratio (mol 
C (mol P)-1) in the range 209 ± 19.0 to 234 ± 132, whereas Crocosphaera watsonii, strain 
WH8501, show values within 183 ± 19.6 and 260 ± 43.2 15. In our model, we used 𝜌/? = 200 
mol C (mol P)-1, but changed the unit to fmol C (µmol P)-1.  

Note that, we assume similar cellular C:N, C:O2, C:Fe, and C:P ratios for both the 
haptophyte and nitroplast. 

Respiratory costs 

The cost of basal maintenance was considered as 0.04 d-1 in a previous paper dealing with 
plankton cells 16. However, since the nitroplast pays extra cost of maintaining apparatus for N2 
fixation whereas the haptophyte cell needs to maintain cost its symbiont, we have considered an 
increased basal maintenance cost of 𝑅P =0.1 d-1. The cost of photosynthesis by the haptophyte is 
chosen as 𝑅/) = 0.1 fmol C (fmol C)-1, similar to the cost of nitrate uptake provided in 17. The 
uptake costs of iron and phosphate are also assumed similar to the cost of photosynthesis, i.e., 
𝑅QR= 𝑅?=𝑅/). However, for our purpose, we have changed the units of 𝑅QRand 𝑅? to fmol C 
(nmol Fe)-1 and fmol C (µmol P)-1, respectively.  

Regarding the direct respiratory cost of N2 fixation, 2.04 moles carbohydrate is needed to 
produce one mole of NH3 18, which yields RTJ = 2.08 fmol C fmol N-1. The indirect cost of NE 
fixation in terms of oxygen removal from the cell (𝐽N,UJ

# ) can be obtained by converting the 
diffusive flux of oxygen in the cell into carbon equivalents (Eq. (3)).  

Parameters related to diffusion 
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UCYN-A nitroplast genome contains genes encoding hopanoid membrane lipids, which are 
known to restrict oxygen diffusion in the cell through cell membrane layers19. However, direct 
measurements of diffusivity of oxygen through cell membrane layers nitroplast are not available. 
Previously, Inomura et al. 20 calibrated values (lower than 10-3) of the relative diffusivity of 
oxygen through the cell membrane of Trichodesmium compared to water. Here, we use the same 
value to account for the reduction oxygen diffusivity through the cell membrane of nitroplast 
compared to water as 𝜀W# = 10XY.  

Parameters related to 𝑄[P,8 values 

We chose 𝑎[ = 0.2, 𝑎E = 6, 𝑎Y = 4, and 𝑎] = 2.4 to match the variations in 𝑄[P,8 with the 
empirical data 21,22 and the comparison is shown in Fig. S1. 
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Supplementary Text 2. Sensitivity analysis 
 
The sensitivity of some of the model components are examined by varying several important 
parameters by ±25% (Fig. S2) from their default values (Table S1). Specifically, we examine the 
sensitivity of the parameters related to the diameter of cells (𝑑#, 𝑑)), parameter determining 
maximum photosynthetic rate (𝑝_), respiratory costs (𝑅P, 𝑅`, 𝑅TJ), cellular C:N (𝜌aT), and 𝑄[P 
values (𝑄[P,N, 𝑄[P,b). We define the sensitivity index (𝐼) as	𝐼 = (𝑋f − 𝑋) × 100/𝑋, where 𝑋 is 
the value of the variable with reference parameters mentioned in Table S1 and 𝑋f is the value of 
the same	variable obtained when the parameter is varied by ±25%. This measure gives the 
relative change of the variable.  

We find that the parameters related to maximum photosynthetic rate and cell sizes 
influence the system dynamics most.  
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Supplementary Text 3. General simulation setup 

Water column simulation 

For the calculation of N2 fixation in the vertical water column, we chose the variations of the 
abiotic factors (light, temperature, oxygen, iron, and phosphate) in the vertical water column 
from the centre of a cyclonic eddy and an anticyclonic eddy near Station ALOHA in the North 
Pacific Subtropical Gyre 23–25. The data for light and temperature are taken from Gradoville et al. 
23, the oxygen concentrations are taken from World Ocean Atlas 25, and the data for , iron and 
phosphate are taken from Dugenne et al. 24. We assume the light attenuation rate (𝐾s) as 0.04 m-1 
(Letelier et al. 2004). For comparing our calculated N2 fixation rates, we used measured N2 
fixation rates at different depths from Gradoville et al. 23. 

Global simulation 

For the global simulation, the model is run in the global ocean at every 5° ×	5° grid point using 
vertical fields of annual mean light intensity, temperature, oxygen, iron, and phosphate 
concentration data as forcing. The data for light intensity are considered as the annual mean 
absorbed solar radiation taken from Hartmann26. The light intensity data was initially converted 
from W m-2 to µmol m-2 s-1 27 and then converted from solar radiation to PAR multiplying by 
0.48 28. Temperature, oxygen, and phosphate concentrations are taken from World Ocean Atlas 
201825,29,30. The iron data is taken from Osafuna et al.31. 

The model is constructed in such a way that nitroplast will never be limited by iron or 
phosphorous. If any of these nutrients is low, the haptophyte will reduce its carbon supply to 
adjust with nitroplast’s requirement and maximize its own growth. However, nutrient limitation 
can occur in the haptophyte cell. Therefore, to investigate different scenarios of nutrient 
limitation on the symbiosis, we look at nutrient limitation on the haptophyte cell. 
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Fig. S1. Sensitivity of some model components with respect to variations in parameters. The 
variations in (a, b) N2 fixation rate, (c, d) growth rate, (e, f) % of carbon transfer from the 
haptophyte to UCYN-A nitroplast, and (g, h) % of nitrogen transfer from the nitroplast to the 
haptophyte are plotted by varying parameters by +25% (small blue circles) and -25% (small red 
circles) from their base values. The values of the model components at the base values are 
indicated by the horizontal lines. First column shows the deviations of components in actual 
values whereas the second column represents the same but in percentages. We investigate the 
sensitivity for the parameters (1) C:N value of cells (𝜌/I), (2) parameter determining maximum 
haptophyte photosynthetic rate (𝑝_), (3) diameter of haptophyte cell (𝑑)), (4) diameter of 
nitroplast (𝑑#), (5) Q10 value for respiration (𝑄[P,N), (6) Q10 value for nutrient uptake (𝑄[P,b), (7) 
basal respiration rate (𝑅P), (8) respiratory cost of photosynthesis (𝑅/), (9) respiratory cost of N2 
fixation (𝑅IJ).    
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Fig. S2. Conceptual representation of optimal allocation of resources between the two partners 
obtained from the sensitivity analysis. The haptophyte (green box) transfers 15 – 24 % of the 
photosynthetically derived carbon to the UCYN-A nitroplast and keeps the other portion for its 
growth. The nitroplast (blue box) transfers 82 – 95 % of the fixed nitrogen to the haptophyte and 
uses only 5 – 18% for growth. These fluxes are estimated using sensitivity analysis of our model 
parameters with a light intensity fixed at 300 µmol m-2 s-1.  

  

 

  



 
 

10 
 

 

Fig. S3. Cellular rates at different light intensities. (a) % of carbon transfer from the haptophyte 
to the UCYN-A nitroplast (solid blue), % of nitrogen transfer from the nitroplast to the 
haptophyte (dashed blue), and the N2 fixation rate of nitroplast (red). (b) Respiration rates. (c) 
Cellular rates determining growth in UCYN-A nitroplast. (d) Cellular rates determining growth 
in the haptophyte. 
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Fig. S4. Cellular rates at different temperatures. (a) % of carbon transfer from the haptophyte to 
the UCYN-A nitroplast (solid blue), % of nitrogen transfer from the nitroplast to the haptophyte 
(dashed blue), and the N2 fixation rate of nitroplast (red). (b) Respiration rates. (c) Cellular rates 
determining growth in nitroplast. (d) Cellular rates determining growth in the haptophyte. 
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Fig. S5. Global distribution of maximum depth of B. bigelowii/UCYN-A N2 fixation.  
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Fig. S6. Latitudinal variation in the depth of maximum B. bigelowii/UCYN-A N2 fixation in the 
water column. Many points at the same latitude are from different longitudes. 
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Fig. S7. Variations in 𝑄[P values for photosynthesis (𝑄[P,8) with temperature. Black line 
represents the estimated variations in 𝑄[P,8 values whereas color lines represent empirically 
measured 𝑄[P values for photosynthesis of phytoplankton 21,22 with their ranges of temperature 
for measurements.   
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Fig. S8. Calibration of the rate of photosynthesis and phosphate and iron uptake for UCYN-A 
nitroplast and the haptophyte. Small blue circles represent the data points from different sources 
and green circles represent our chosen parameter values for the haptophyte. (a) Maximum 
photosynthetic rate 6. (b) Affinity for light 7. (c) Photosynthetic rate of the haptophyte at different 
light intensities. (d) Maximum phosphate uptake rate 32. (e) Affinity for phosphate 32,33. (f) 
Phosphate uptake rates of the haptophyte at different phosphate concentrations. (g) Maximum 
iron uptake rate 8. (h) Affinity for iron 9. (i) Iron uptake rates of the haptophyte (green) at 
different iron concentrations. 
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Table S1. Table containing the parameter values.  

Symbol Description Value Unit Source 

𝑑# Diameter of nitroplast 0.6 µm 1 

𝑑) Diameter of haptophyte cell 1.4 µm 1 

𝑟# Radius of nitroplast 𝑑#/2 µm – 

𝑟) Radius of haptophyte cell 𝑑)/2 µm – 

𝑉# Volume of nitroplast 4/3𝜋𝑟#Y µm3 – 

𝑉) Volume of haptophyte cell 4/3𝜋𝑟)Y µm3 – 

𝐶# Carbon content in nitroplast 6.8 fmol cell-1 Eq. (35) 

𝐶) Carbon content in haptophyte 49.4 fmol cell-1 Eq. (35) 

𝑝_ Parameter related to max. 

photosynthetic rate 

3.08  34 

𝑝v Parameter related to max. 

photosynthetic rate 

5.0  34 

𝑝w Parameter related to max. 

photosynthetic rate 

-3.8  34 

𝑎8 Parameter related to light 

affinity 

5.0  Calibrated 

𝑏8 Parameter related to light 

affinity 

2.0  Calibrated 

𝑎bxy Multiplicative constant for max. 

Fe uptake 

6× 10X[P nmol Fe cell-1 d-1 Calibrated 

𝑏bxy Exponent describing size 

dependence for max. Fe uptake 

0.6 – Calibrated 

𝑎zxy Multiplicative constant for Fe 

affinity 

2.5× 10X{ L cell-1 d-1 Calibrated 

𝑏zxy Exponent describing size 

dependence for Fe affinity 

0.8 – Calibrated 

𝑎b| Multiplicative constant for max. 

PO4 uptake 

1.5× 10X[P µmol P cell-1 d-1 Calibrated 
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𝑏b| Exponent describing size 

dependence for max. PO4 uptake 

0.77 – Calibrated 

𝑎z| Multiplicative constant for PO4 

affinity 

3 × 10X{ L cell-1 d-1 Calibrated 

𝑏z| Exponent describing size 

dependence for PO4 affinity 

0.72 – Calibrated 

𝑀IJ Max. N2 fixation rate 20 fmol cell-1 d-1 11 

𝜎 Fraction of nutrients transferred 

to nitroplast from haptophyte 

0.15 – 1,10 

𝜌/I Cellular molar C:N ratio 6.3 fmol C (fmol N)-1 12 

𝜌/M?  Photosynthetic C:O2 ratio 7× 10~ fmol C (µmol O2)-1 13 

𝜌/MN  Respiratory C:O2 ratio 1× 10{ fmol C (µmol O2)-1 13 

𝜌/@A Cellular molar C:Fe ratio 8.3 × 10[P fmol C (nmol Fe)-1 14 

𝜌/? Cellular molar C:P ratio 2 × 10[[ fmol C (µmol P)-1 15 

𝑅P Basal respiration 0. 1 d-1 35 

𝑅/  Cost of photosynthesis by 

haptophyte 

0.08 fmol C (fmol C)-1 35 

𝑅QR Cost of Fe uptake 𝜌/@A𝑅/  fmol C (nmol Fe)-1 – 

𝑅? Cost of PO4 uptake 𝜌/?𝑅/  fmol C (µmol P)-1 – 

𝑅IJ Cost of N2 fixation 2.08 fmol C (fmol N)-1 18 

𝐷UJ Diffusion coefficient of OE in 

water 

2.12 × 10X� cm2 s-1 36 

𝜀W#  Diffusion coefficient of 

nitroplast cell membrane layers 

relative to water 

1 × 10XY − 37 

𝑎[ Parameter determining 𝑄[P,8  0.2 − Calibrated 

𝑎E Parameter determining 𝑄[P,8 6 − Calibrated 

𝑎Y Parameter determining 𝑄[P,8 4 − Calibrated 

𝑎] Parameter determining 𝑄[P,8 2.4 − Calibrated 

𝑄[P,N 𝑄[P value for respiration 2 − 38 
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𝑄[P,b 𝑄[P value for maximum nutrient 

uptake 

2.1 − 39 

𝑇P,8 Reference temperature for 

photosynthesis 

20 °C Assumed 

𝑇P,@A Reference temperature for iron 

uptake 

20 °C 40 

𝑇P,? Reference temperature for 

phosphate uptake 

20 °C 40 

𝑇P,N� Reference temperature for basal 

respiration 

20 °C 39 

𝑇P,N� Reference temperature for 

photosynthetic respiration  

20 °C 41 

𝑇P,N�J  Reference temperature for 

respiration due to N2 fixation 

28 °C 18 

𝑇P,��J  Reference temperature for 

diffusion of O2 

25 °C 39 
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