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The marine nitrogen fixing microorganisms (diazotrophs) are a
major source of nitrogen to open ocean ecosystems and are predicted to be limited by iron in most marine environments. Here
we use global and targeted proteomic analyses on a key unicellular
marine diazotroph Crocosphaera watsonii to reveal large scale diel
changes in its proteome, including substantial variations in concentrations of iron metalloproteins involved in nitrogen fixation and
photosynthesis, as well as nocturnal flavodoxin production. The
daily synthesis and degradation of enzymes in coordination with
their utilization results in a lowered cellular metalloenzyme inventory that requires ∼40% less iron than if these enzymes were maintained throughout the diel cycle. This strategy is energetically
expensive, but appears to serve as an important adaptation for
confronting the iron scarcity of the open oceans. A global numerical model of ocean circulation, biogeochemistry and ecosystems
suggests that Crocosphaera’s ability to reduce its iron-metalloenzyme inventory provides two advantages: It allows Crocosphaera
to inhabit regions lower in iron and allows the same iron supply to
support higher Crocosphaera biomass and nitrogen fixation than
if they did not have this reduced iron requirement.
cyanobacteria ∣ marine iron cycle ∣ nitrogen cycle

T

he biological fixation of atmospheric dinitrogen into ammonia
has a major impact on the extent of marine primary production (1, 2). Only a small number of bacteria are known to
contribute to nitrogen fixation in open ocean environments,
and they typically comprise a tiny fraction (<0.1%) of the overall
microbial community (3, 4). Among these, the unicellular diazotroph Crocosphaera watsonii is estimated to be a significant
contributor to oceanic nitrogen fixation (4–6). Whereas much
of the primary productivity in the tropical and subtropical regions
of the oceans is predicted to be nitrogen limited, the diazotrophs’
nitrogen source, resupplied from the large atmospheric reservoir,
is essentially limitless. Instead, iron is considered the critical
micronutrient for marine diazotrophs due to their use of the ironnitrogenase protein complex containing a homodimeric iron protein with a 4Fe∶4S metallocluster (NifH) and a heterotetrameric
molybdenum-iron protein with an 8Fe∶7S P cluster and a 7 Fe
and 1 Mo MoFe cofactor (NifDK, α and β subunits) (7, 8)
(Table S1). Field experiments and models both predict the distribution of oceanic nitrogen fixation to be primarily constrained by
the availability of iron (2, 9–11). Despite this importance of iron
on marine nitrogen fixation, there is a limited understanding of
how marine diazotrophs have adapted to this low iron environment (12–17).
The coexistence of oxygenic photosynthesis and nitrogen
fixation metabolisms presents a unique challenge for diazotrophs
due to their high iron demands and the chemical incompatibility
of molecular oxygen and the nitrogenase protein complex. Previous elemental studies measuring whole cell iron content in
Crocosphaera found increased iron during the dark period when
nitrogen fixation is occurring (15). Whereas this finding was conwww.pnas.org/cgi/doi/10.1073/pnas.1006943108

sistent with theoretical studies predicting a large iron requirement in marine diazotrophs (13, 18), it has been somewhat
controversial due to the implication of a dynamic yet poorly understood diel cycle for intracellular iron. Several unicellular diazotrophs, including Crocosphaera watsonii, have been observed to
fix nitrogen during the dark period (Fig. 1A), and this is widely
viewed as an adaption for temporal separation of photosynthesis
and nitrogen fixation to avoid the oxygen disruption of the nitrogenase complex (6, 19, 20). Global transcriptional studies have
also observed large scale changes in the transcriptomes of the unicellular diazotrophs Crocosphaera watsonii (21), Cyanothece (22),
Gloeothece (23), and a hot-spring Synechococcus (24) during the
diel cycle, consistent with a temporal separation of photosynthesis and nitrogen fixation. Yet the possibility that diel cycling of
the transcriptome or proteome might affect the iron requirement
has not been previously discussed, likely because transcriptional
studies provide information about gene expression rather than
actual enzyme inventories, and immunological protein studies
thus far, while having detected diel oscillations of the NifH
subunit in Crocosphaera and Gloeothece (23, 25), are limited
to a few select proteins with no global or absolute quantitative
proteome studies of diazotrophs published as of yet. As a result,
it has remained uncertain whether the observed diel transcriptome cycling was needed for the maintenance of a relatively consistent proteome or was in fact causing large changes in the global
proteome composition during each diel cycle.
Recent advances in proteomic technologies hold promise for
elucidating mechanistic connections between the biochemistry of
important microbes and global biogeochemical cycles. There are
two broad approaches to mass spectrometry based proteomics:
global shotgun proteomic approaches that can semiquantitatively
survey the relative abundance of hundreds of proteins simultaneously using spectral counting (26), and targeted approaches
that use selected reaction monitoring (SRM) mass spectrometry
with isotopically labeled peptide standards for absolute quantification of proteins of interest (27). Though there are several
culture-based studies of marine microbes (26, 28) and field assessments of abundant proteins (29, 30), the combined application of global and targeted proteomic approaches to problems of
Author contributions: M.A.S., E.M.B., S.D., and J.B.W. designed research; M.A.S., E.M.B.,
S.D., V.V.B., D.M.M., F.M.M., M.J.F., F.W.V., and J.B.W. performed research; M.A.S.,
E.M.B., S.D., V.V.B., and D.M.M. analyzed data; and M.A.S., E.M.B., and S.D. wrote
the paper.
The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
Freely available online through the PNAS open access option.
1

To whom correspondence should be addressed. E-mail: msaito@whoi.edu.

2

Deceased June 28, 2009.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1006943108/-/DCSupplemental.

PNAS Early Edition ∣

1 of 6

ENVIRONMENTAL
SCIENCES

Edited* by Paul G. Falkowski, Rutgers, State University of New Jersey, Brunswick, NJ, and approved November 19, 2010 (received for review May 31, 2010)

-1

N2 Fixation (10 mol ethylene cell hr )

2000

-1

Glycogen (fg cell )

-13

-1

A

1500

1000

500

0
0

5

10

15

20

25

100

120

Hours
100

Dark Period
Relative Protein Abundance

B

80

60

40

20

0
0

20

40

60

80

Relative Protein Abundance
Light Period
Fig. 1. Variations in the Crocosphaera proteome between the light and dark
photoperiod. (A) Dark period nitrogen fixation (black) and glycogen storage
(red) during a diel cycle (dark, black bar). (B) Relative protein abundance during light and dark periods, where similar expression (solid line, black circles;
also see Fig. S1A for comparison of technical replicates) is contrasted by a
number of proteins (colors), including the nitrogenase complex metalloenzymes (blue) and flavodoxin (yellow), with greater than 2-fold change in relative abundance (dashed lines) above a threshold of 5 normalized spectral
counts in at least one treatment. Data are mean of six technical replicates.

marine biogeochemical relevance, such as the iron limitation of
marine diazotrophy, has not yet been reported.
Results and Discussion
The diel cycle and inventory of iron metalloenzymes in Crocosphaera watsonii were investigated using global and targeted
liquid chromatography mass spectrometry (LC-MS) proteomic
techniques from three distinct culture experiments all grown
on a 14∶10 light∶dark cycle: a day-night experiment sampled during the light and dark photoperiod (sampled 10 h from lights on
and 7 h from lights off) analyzed for global proteome using both
1D and 2D LC-MS approaches, a time course study (diel hereon)
sampled every 2–3 h for 30 h (beginning 4 h from lights on) and
analyzed for global proteome using 1D LC-MS and for absolute
quantities of targeted proteins, and a set of biological triplicate
cultures (sampled 6.5 h into light period, and 3 and 6 h into the
dark period) analyzed for targeted protein abundances by mass
spectrometry.
Of the 477 unique proteins identified in the global proteomic
1D analysis of the day-night experiment [0.65% false positive rate
(FPR) (31)], 37 proteins were found to have a 2-fold or greater
change in abundance between the day and night (Fig. 1B). These
results were confirmed in the deeper 2D chromatography proteome where 160 of the 1,108 identified proteins (0.11% FPR)
showed a greater than 2-fold change (Fig. S1B). A time course
of the diel cycle clearly showed a cycling of protein abundance
(Fig. 2), where 100 proteins were found to be above a threshold
2 of 6 ∣
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Fig. 2. Cluster analysis of global proteome during the diel cycle. Color
indicates higher (yellow) or lower (blue) relative abundance relative to
the centered mean value (black). Horizontal axis is hours from onset of light
(L) or dark (D) period. Proteome data was filtered for proteins with at least
three time points having greater than 10 spectral counts and a difference
between maximum and minimum signals ≥14 spectral counts, prior to log
transformation and normalization. Two major clusters were observed corresponding to the light and dark photoperiods.

spectral count signal (≥10) and displayed a diel variation in
amplitude (max - min ≥ 14). Cluster analysis revealed two major
groups that include key photosystem or nitrogen fixation proteins
with increased abundances during the day and night respectively.
These experiments demonstrate that the diel cycling observed in
the transcriptome of unicellular diazotrophs (21, 22, 32) manifests
itself in large scale changes in the global proteome, where more
than 20% of the measured proteins in the diel experiment showed
diel variation. In both the day-night and diel experiments, the
metalloenzymes involved in nitrogen fixation in Crocosphaera
watsonii were among those with the most pronounced changes in
abundance, being largely absent during the day and present at
night (Figs 1B and 2, Fig. S2, and Dataset S1).
Based on these global experiments, the absolute abundances of
nine protein targets in the diel experiment were determined by
triple quadrapole SRM mass spectrometry using isotopically
labeled internal standards (Table S2). The abundance of the three
nitrogenase metalloproteins ranged from nondetectable levels
during the photoperiod to being among the most abundant proSaito et al.
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In a mirror image of the nitrogenase metalloenzymes and
flavodoxin, numerous proteins were more abundant during the
photoperiod (Figs. 1B and 2). In particular, several proteins
from iron-rich photosystem I decreased during the dark period
and increased during light period, including PsaA, PsaB, PsaD,
and PsaF (PsaA and PsaB shown in Fig. 3 E and F). The ironcontaining cytochromes b6 and c550 were among the most abundant cytochromes detected by spectral counting (f, P450, and
b559 and c oxidase were also detected) and showed large
decreases in abundance during the dark period as measured
by targeted mass spectrometry (Fig. 3 G and H; 2- and 15-fold
respectively). The degradation of substantial quantities of cytochrome b6 and c550 should release a number of iron-containing
hemes during the dark period. Two heme oxygenases, which are
capable of liberating iron from heme, were identified in the
proteome, showed diel variations, and may be important in iron
recycling (Fig. S2). Iron storage bacterioferritin proteins were
also identified in the proteome, one of which showed some diel
periodicity (Fig. S2). Diel cycling is not necessarily expected
for bacterioferritin given that iron is thought to be added and
removed from the ferritin cage without its degradation.
These results portray a Crocosphaera proteome that is dynamic, shifting its metalloenzyme inventory to suit the alternating
temporal needs of nitrogen fixation and photosynthetic biochemical activity. Whereas Crocosphaera’s distinct nocturnal nitrogenase activity is one of its defining characteristics in both laboratory
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Fig. 3. Absolute quantitation of nitrogenase metalloproteins and selected photosynthesis and electron transport proteins during the diel cycle, and estimates
of cellular iron stoichiometry based on absolute protein concentrations. (A–H) Targeted proteomic analysis of iron-nitrogenase (NifH), molybdenum-iron protein subunits (NifDK, MoFe α, MoFe β), and flavodoxin, photosystem I proteins PsaA and PsaB, and cytochromes b6 and c550 during the diel cycle (darkness,
black bar) as measured using SRM triple quadrapole liquid chromatography mass spectrometry employing isotopically labeled standards. Data are mean and
one standard deviation of technical triplicates. (I) Iron demand associated with nitrogen fixation or photosynthesis estimated from protein abundances in A–H,
total protein and cell concentrations, and metal enyzme stoichiometries (Fig. S3 and Table S1) assuming metalloenzymes were populated with iron (darkness,
black bar). (J) Sum of photosynthesis and nitrogenase iron estimates in two scenarios (darkness, black bar): (i) the Crocosphaera hotbunking scenario summing
the calculated values in panel I (black circles), and (ii) a hypothetical nonhotbunking scenario (dashed black line), where the maximum iron required for each
process [the peak of each line in panel (I) is summed]. Two additional scenarios are shown, where measured flavodoxin is replaced by ferredoxin, assuming a
conservative 1∶1 substitution (hotbunking, red triangles; nonhotbunking, dashed red line). The hotbunking scenario represents an estimated 40% savings in
iron through a reduction of the iron-metalloenzyme inventory involved with nitrogenase and photosynthesis.
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teins in the proteome in the dark period (Fig. 3 A–C). At their
peak abundances, the ratio of the iron protein to molybdenumiron protein subunits (α used here) was 3.5∶1, consistent with
previous observations of a 3∶1 cellular ratio (23) and a 2∶1 stoichiometry within the nitrogenase protein complex (33). Together
these global and targeted proteome measurements provide
evidence for the nocturnal synthesis of the metalloenzymes in the
nitrogenase complex followed by their complete diurnal degradation.
Flavodoxin was observed to increase in abundance during the
dark period (Fig. 3D), similar to the nitrogenase metalloenzymes
and in contrast with the increased flavodoxin abundances
observed in most phytoplankton under iron deprivation (34).
This suggests the ferredoxin-flavodoxin substitution for electron
transport in photosynthesis does not occur appreciably in Crocosphaera. The global proteome of a short-term iron deprivation
experiment was sampled during the light photoperiod to allow
differentiation of iron effects from the dark expression. No
increase in flavodoxin in response to iron stress was observed 24 h
after the addition of an exogenous siderophore (Fig. S1 C–F),
consistent with the hypothesis that flavodoxin could be functioning as an electron carrier for nitrogenase instead of ferredoxin
(35). The use of flavodoxin at night even under iron replete conditions appears to be an adaptation for the overall minimization
of the cellular iron demand in this microbe.

and field studies (6, 36), the fate of the nitrogenase protein
complex during the light period has remained controversial due
to the technical limitations of transcriptional and immunological
methods, where transcripts do not measure protein abundance
and immunological methods may not detect posttranslationally
modified proteins (6, 15, 21, 36, 37). Using mass spectrometrybased analysis of multiple tryptic peptides from each protein, this
study demonstrates the near complete degradation of the metalloenzymes from the nitrogenase complex and the partial degradation of certain iron-containing components of photosynthesis.
The extent of proteome cycling we observed in Crocosphaera
watsonii was surprising given the potentially significant energetic
cost. This proteome cycling likely serves the dual functions of
preventing oxygen disruption to the nitrogenase complex as
discussed previously (6, 19), as well as providing a mechanism
for a significant reduction in metabolic iron demand. We argue
that the latter is true based on stoichiometric calculations from
the quantitative metalloenzyme data in Fig. 3 A–H and the associated iron stoichiometry for each metalloenzyme (Table S1). By
summing the iron associated with major metalloenzymes, we calculated the amount of iron involved in nitrogen fixation and
photosynthesis throughout the diel cycle (Fig. 3I). By degrading
these metalloenzymes when they are not in use, Crocosphaera
reduces its iron-metalloenzyme inventory for these metabolic
functions at any given time by 38%, 40%, and 75% for peak night,
peak day, and minimum, respectively, compared to a hypothetical
situation where these metalloenzymes are not degraded (Fig. 3J).
An additional experiment with targeted protein analyses on
biological triplicates was consistent with these estimates of iron
conservation from the diel experiment, using 45  19% less
iron during the photoperiod (6.5 h from lights on, n ¼ 3), and
38  14% and 38  22% less iron during the dark period
(sampled at 3 h and 6 h from lights off, n ¼ 3 for each). These
savings in iron use would be even larger if the iron-free flavodoxin
observed during the dark period (Fig. 3D) was replaced by ironrequiring ferredoxin (Fig. 3J). Iron released by the degradation of
these metalloenzymes could have several fates including storage
in bacterioferritin or chaperones, loss from the cell, and reuse in
other metalloenzymes. Given the severe iron limiting conditions
of the upper oceans (2, 9), it seems likely that a fraction of this
liberated iron inventory is participating in both nitrogen fixation
and photosynthesis metabolic processes. This iron conservation
strategy is analogous to the maritime practice of hotbunking,
referring to ships that sail with more sailors (metalloenzyme requirements) than bunks (iron atoms), where sailors on opposing
shifts share the same bunk—keeping the bunks continually hot
(or iron atoms in use). Whereas it is methodologically difficult
to document the sharing of individual iron atoms between metabolisms, our data clearly demonstrates the reduction in ironmetalloenzyme inventory and concurrent reduction in metabolic
iron demand through diel proteome cycling (Fig. 3J).
Iron conservation by reducing the metalloenzyme inventory
likely serves as a key component of a low iron marine niche for
Crocosphaera. Trichodesmium sp. is another dominant oxygenic
marine diazotroph that differs from Crocosphaera in that it fixes
both nitrogen and carbon during the photoperiod (38, 39). As a
result Trichodesmium sp. likely does not employ this iron conservation strategy to the extent used by Crocosphaera. This is
consistent with reports of an approximately double cellular iron
to carbon stoichiometry in Trichodesmium compared to Crocosphaera (>35 and 16  11 μmol Fe mol C−1 , respectively)
(14–16), as well as estimates of a large fraction of cellular iron
being necessary for nitrogen fixation (22–50%) in Trichodesmium
(13). A previous study of cellular iron in Crocosphaera watsonii
observed an increase in iron concentrations per cell during the
dark period (15). Our calculated iron per cell attributed to
nitrogen fixation and photosynthesis are roughly consistent with
measured values (15), and the higher iron content at night likely
4 of 6 ∣
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results from diel proteome cycling with the added contributions
of daytime uptake and accumulation of ferrous iron (21) produced by photochemical reduction (40) and photoperiod cell
division (Fig. S4).
By reducing the nitrogen fixation and photosynthetic metalloenzyme inventory when each is not in use, Crocosphaera watsonii has evolved to require ∼40% less iron than if these enzymes
where maintained throughout the diel cycle (Fig. 3J). Though
difficult to quantify, this process of resynthesizing enzymes every
day must have an energetic expense. Based on our quantitative
measurements, diel cycling of the three nitrogenase metalloproteins alone contributes ∼2.3% of the total protein and all eight
targeted proteins in Fig. 3 contribute 5.0% (using the difference
between the maximum and minimum expression levels during the
diel cycle). With many lower abundance proteins also undergoing
diel cycling (Fig. 2), and with protein contributing roughly 40%
of cellular biomass (41), these calculations provide some rough
sense of the energetic cost for the increased protein synthesis
required for this reduction in iron metabolic demand (“hotbunking” hereon). If Crocosphaera watsonii had evolved hotbunking
from an ancestor that maintained its metalloenzymes through
the diel, how would the trade-off between lower iron requirement
and higher energetic cost affect where Crocosphaera would be
competitive relative to its progenitor and other diazotrophs?
A numerical global ocean circulation and ecosystem model
(10, 42) is a useful tool to explore the implications of hotbunking
on Crocosphera’s habitat and nitrogen fixation rates in the global
ocean. Our model resolves several phytoplankton types competing for resources, including analogs of several nondiazotrophs
types, and unicellular and colonial marine diazotrophs, analogous
to Crocosphaera and Trichodesmium, respectively. The modeled
unicellular diazotrophs consist of two groups: a hypothetical
control group that could not share cellular iron between photosynthesis and nitrogen fixation machinery (analogous to potential
Crocosphaera ancestors that maintained their metalloenzyme
inventory), and a hotbunking group (analogs of Crocosphaera,
as suggested by this study) that are conferred with a lower cellular
iron demand (R) at a cost to their growth rate (μ):
μH ¼ αμC ;

RH ¼ γRc

where α;γ < 1.

The subscript H refers to hotbunkers and C refers to the nonhotbunking control group. We conducted a suite of simulations
with different assumptions of the trade-off between reduced
growth and iron requirement, the respective values of α and γ.
A larger value of α indicates less energetic cost, and a larger value
of γ indicates iron requirements closer to the control group.
Iron conservation strategies in Crocosphaera provided an ecological advantage in the low iron environments of the open ocean
(Fig. 4 and Fig. S5). The geographical habitat of the hotbunkinganalogs extended further into iron-depleted water than both
the hypothetical control group and the Trichodesmium-analogs.
In simulations with favorable combinations of trade-offs (e.g.,
Fig. 4), the distribution of Crocosphaera-analogs is broadly
consistent with those suggested by observations (4, 10). These
simulation results are consistent with observations suggesting that
Trichodesmium outcompetes Crocosphaera in areas with high iron
(43). The extent of the hotbunking unicellular diazotoph habitat
is strongly regulated by the trade-off assumed (Fig. 5 and Fig. S5).
Predictably, if the energetic cost is too high, hotbunking is not a
desirable trait. For large cost to growth (small α) hotbunking
diazotrophs do not survive (Fig. 5 A and C). On the other hand,
for very little cost to growth (large α) and a high reduction in iron
requirement (low γ), the hotbunking diazotrophs outcompeted
the control group and expand into even more oligotrophic regions (Figs. 4C and 5B and Fig. S5 E and F). Simulations with
lower requirements for iron (γ smaller) lead to a larger biomass
of unicellular diazotrophs at any location than in a simulation
Saito et al.

with higher γ; the same iron supply could support a higher biomass. Sharing cellular iron between photosynthesis and nitrogen
fixation machinery allowed the model hotbunking diazotrophs to
not only expand their habitat, but also to have higher biomass per
mole of available iron. These two benefits of hotbunking lead to
increased global unicellular diazotroph biomass than simulations
that did not include this adaptation (Fig. 5C). As a consequence,
total global nitrogen fixation increases between simulations with
α and γ combinations that shifted the population of unicellular
diazotrophs from only control types to only hotbunking types
(Fig. 5D). For the simulation shown in Fig. 4 (circles in Fig. 5)
there was a 10% increase in global autotrophic nitrogen fixation
relative to simulation with no hotbunkers (e.g., the white area of
Fig. 5A). The overall affect of hotbunking on total global nitrogen
fixation would be less than this value, because recent evidence
demonstrates that heterotrophic nitrogen fixers also contribute
significantly to marine nitrogen fixation (44).
Enzymes are agents for chemical transformations in the cycling
of elements on Earth. Whereas genomic and transcriptional
techniques can monitor the potential for enzyme synthesis, proteomic methods are now capable of their direct quantitation.
Many require metals and hence reside at the intersection of
coupled biogeochemical cycles. Our study demonstrates an application of proteomic technologies to study iron conservation
in marine nitrogen fixation, where the important diazotroph
Crocosphaera appears to have evolved a complex diel proteome
Saito et al.

cycle that results in a reduction of iron-metalloenzyme inventory.
The process elucidated by the molecular-level measurements
described here appears to be of global importance. With rising
atmospheric CO2 suggested to cause increases in marine nitrogen
fixation (45), as well as a potential decrease in iron availability
to marine phytoplankton in general (46), understanding the biochemical adaptations for iron scarcity in diazotrophs and their
implications for marine primary productivity will be of increasing
importance.
Methods
Axenic cultures of Crocosphaera watsonii were grown in SO medium (15)
on a 14∶10 light dark cycle. Frozen pellets were resuspended, sonicated,
and centrifuged, and supernatants were solvent precipitated at −20 °C. Precipitated protein was resuspended, reduced, alkylated, and trypsin-digested.
The whole cell lysate digests were analyzed using by liquid chromatography
mass spectrometry (LC-MS) using a Paradigm MS4 HPLC system with reverse
phase chromatography, a Michrom ADVANCE source, and a Thermo LTQ ion
trap mass spectrometer. Two-dimensional chromatography involved adding
an offline strong cation exchange separation using a salt gradient prior to
reverse phase separation. Nine specific peptides were selected for quantitative analyses via selected reaction monitoring (SRM). Known amounts of
heavy labeled versions of each peptide of interest (AQUA peptides; Sigma)
were added as internal standards to Crocosphaera peptide extracts and analyzed using a Thermo Vantage TSQ Triple Quadrapole Mass Spectrometer
with the LC and source as described for the LTQ. Peptide standard sequences
and transition information are listed in Table S2. Linear Ion Trap mass spectra
were processed using SEQUEST and PeptideProphet, and spectral counts
were tabulated in Scaffold 2.0, with a false positive rate of less than 1%
(31). Numerical simulations used the MIT general circulation model (MITgcm).
The physical circulation flow fields and diffusion, constrained by observations
(47), transport the organic and inorganic components of the ecosystem
model. The ecosystem model was adapted from Monteiro et al. (10) and
includes several types of autotrophs including several nondiazotrophs (analogs of diatoms, other large eukaryotes, Prochlorococcus, and other small
PNAS Early Edition ∣
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Fig. 4. Hotbunking unicellular diazotrophs inhabit waters with lower iron
than the Trichodesmium-analogs and the unicellular control group (see
Fig. S5) in the numerical simulations. Results are shown here for simulation
where the hotbunking group have 90% of the growth rate and 60% the iron
requirement of the control group (α ¼ 0.9, γ ¼ 0.6, circle in Fig. 5). In this
simulation the hotbunking diazotrophs outcompete the hypothetical
control group everywhere. Annual mean model results for 0–50 m: (A) iron
concentration (nM); (B) Trichodesmium-analogs (mgC m−3 ); (C) hotbunking
unicellular diazotrophs (mgC m−3 ), analogs of Crocosphaera watsonii.
Dashed and solid contours indicate 0.1 nM and 0.3 nM Fe respectively, and
no shading (in B and C) indicates areas devoid of diazotrophs. The distribution of the diazotrophs is broadly consistent with those suggested by
observations (4, 10). The model also includes analogs of several types
of nondiazotrophic phytoplankton (diatoms, other large eukaryotes,
Prochlorococcus, and other small phytoplankton). For less advantageous
combinations of α and γ, the hotbunking group outcompete the control
group only in the most iron-depleted regions (see Fig. 5 and Fig. S5).

Fig. 5. Results from a series of global circulation/ecosystem model numerical
simulations with different assumptions on the trade-off between reduced
growth and iron requirement (values of α and γ). (A) Area (106 km2 ) inhabited by hotbunking unicellular diazotrophs. (B) Area (106 km2 ) inhabited
by the control nonhotbunking unicellular diazotrophs. (C) Global abundance
of hotbunking unicellular diazotrophs (TgC). (D) Changes in global total
nitrogen fixation (TgN∕y). With increased α (a smaller cost to growth) and
a decreased γ (a lower requirement for iron) there are more regions where
diazotrophy is supported, there is higher biomass of unicellular diazotrophs,
and consequently higher total global autotrophic nitrogen fixation rates. If
the energetic cost is low enough the hotbunking diazotrophs outcompete
the control group everywhere (white regions of B). “Area” is calculated as
the ocean surface area where the respective unicellular diazotrophs biomass
is greater than 10−3 mgC m−3 . Nitrogen fixation rate is calculated from
all three types of diazotrophs included in the simulation (hotbunking unicellular diazotrophs, control group, and Trichodesmium-analogs). The circle
denotes parameter values used for results shown in Fig. 4 and crosses for
those in Fig. S5.

phytoplankton) and three types of diazotrophs (analogs of Trichodesmium,
Crocosphaera, and a hypothetic control group of unicellulars that could not
share cellular iron between photosynthesis and nitrogen fixation machinery).
Other abundant groups of marine diazotroph groups (3) such as Richelia sp.
symbionts found inside the diatom Rhizosolenia spp. and the uncultivated
unicellular group A (UCYN-A) are not represented in this study due to lack
of information on their iron requirements (4, 44).
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