
Articles
https://doi.org/10.1038/s41564-021-01028-1

1Marine Chemistry and Geochemistry Department, Woods Hole Oceanographic Institution, Woods Hole, MA, USA. 2Department of Earth, Atmospheric 
and Planetary Science, Massachusetts Institute of Technology, Cambridge, MA, USA. 3Department of Biology, Woods Hole Oceanographic Institution, 
Woods Hole, MA, USA. 4Marine and Environmental Biology, Department of Biological Sciences, University of Southern California, Los Angeles, CA, USA. 
5Department of Applied Ocean Physics and Engineering, Woods Hole Oceanographic Institution, Woods Hole, MA, USA. 6Present address: Department of 
Environmental Systems Science, ETH, Zurich, Switzerland. 7Present address: Department of Earth and Planetary Sciences, Harvard University, Cambridge, 
MA, USA. ✉e-mail: msaito@whoi.edu

Biological nitrogen (N2) fixation is a crucial biogeochemi-
cal process, being foundational to marine microbial food 
webs and primary productivity in N-limited ecosystems1–6. 

A limited number of marine microorganisms can fix nitrogen, and 
they have distinct yet overlapping niches in the N-limited surface 
ocean7,8. The ecological drivers differentiating the habitats of diverse 
marine nitrogen fixers are uncertain but critical for understanding 
the current and future global N budget1. As a result, our ability to 
resolve environmental and biochemical controls on nitrogen fixa-
tion rates remains limited9–12.

Here we examine an important yet enigmatic marine nitrogen 
fixer, Trichodesmium, which contributes substantial amounts of 
fixed nitrogen to the ocean annually, and due to vertical export 
may disproportionately affect nitrogen and carbon cycling at 
depth12–15. Trichodesmium performs nitrogen fixation and photo-
synthesis simultaneously during the photoperiod, and this is per-
plexing because the nitrogenase enzyme is susceptible to damage 
by molecular oxygen produced by photosystem II16. It is unclear 
how Trichodesmium protects the sensitive nitrogenase enzyme  
from damage by molecular oxygen. In general, photosynthesizing 

diazotrophs have evolved two main strategies for solving this prob-
lem. Some, such as Crocosphaera, separate the processes temporally, 
fixing carbon during the day and nitrogen at night17–19. Others, such 
as Anabaena, separate the processes spatially, forming differenti-
ated nitrogen-fixing heterocyst cells that lack the oxygen-evolving 
photosystem II complex20–23. While it has been hypothesized that 
Trichodesmium forms partially differentiated ‘diazocyte’ cells for the 
purpose of nitrogen fixation, the evidence for this strategy remains 
mixed and controversial24–31. Fine-tuned temporal separation of 
peak nitrogen fixation and photosynthetic activity has also been 
suggested26,32, although it is also possible for the processes to occur 
simultaneously33. Regardless of the exact mechanisms, it is clear  
that daytime nitrogen fixation requires considerable cellular coor-
dination and resource investment to protect the vulnerable nitro-
genase enzyme.

This study therefore addresses a key question – why does 
Trichodesmium fix nitrogen during the day? Since Trichodesmium 
is ecologically successful and widely distributed in the marine 
environment, the benefits of daytime nitrogen fixation must out-
weigh the costs involved in protecting the nitrogenase enzyme from  
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Cyanobacteria of the genus Trichodesmium provide about 80 Tg of fixed nitrogen to the surface ocean per year and contribute 
to marine biogeochemistry, including the sequestration of carbon dioxide. Trichodesmium fixes nitrogen in the daylight, despite 
the incompatibility of the nitrogenase enzyme with oxygen produced during photosynthesis. While the mechanisms protect-
ing nitrogenase remain unclear, all proposed strategies require considerable resource investment. Here we identify a crucial 
benefit of daytime nitrogen fixation in Trichodesmium spp. that may counteract these costs. We analysed diel proteomes of cul-
tured and field populations of Trichodesmium in comparison with the marine diazotroph Crocosphaera watsonii WH8501, which 
fixes nitrogen at night. Trichodesmium’s proteome is extraordinarily dynamic and demonstrates simultaneous photosynthe-
sis and nitrogen fixation, resulting in balanced particulate organic carbon and particulate organic nitrogen production. Unlike 
Crocosphaera, which produces large quantities of glycogen as an energy store for nitrogenase, proteomic evidence is consis-
tent with the idea that Trichodesmium reduces the need to produce glycogen by supplying energy directly to nitrogenase via 
soluble ferredoxin charged by the photosynthesis protein PsaC. This minimizes ballast associated with glycogen, reducing cell 
density and decreasing sinking velocity, thus supporting Trichodesmium’s niche as a buoyant, high-light-adapted colony form-
ing cyanobacterium. To occupy its niche of simultaneous nitrogen fixation and photosynthesis, Trichodesmium appears to be 
a conspicuous consumer of iron, and has therefore developed unique iron-acquisition strategies, including the use of iron-rich 
dust. Particle capture by buoyant Trichodesmium colonies may increase the residence time and degradation of mineral iron in 
the euphotic zone. These findings describe how cellular biochemistry defines and reinforces the ecological and biogeochemical 
function of these keystone marine diazotrophs.
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degradation by oxygen. Since cyanobacterial physiology, in par-
ticular nitrogen fixation and photosynthesis, is strongly depen-
dent on daily rhythms, we investigated the proteomes of the model 
organism T. erythraeum IMS101, as well as field populations from 
the Atlantic Ocean during the diel cycle to reveal key biochemical 
insights on nitrogen and carbon fixation. We then compared the 
diel proteome of Trichodesmium to the previously published diel 
proteome of Crocosphaera watsonii WH8501, which fixes nitro-
gen at night17. Together, these high-resolution datasets provide an 
opportunity to probe the molecular physiology of this unique nitro-
gen fixer, and to understand the intersection of biochemical activity 
that allows Trichodesmium species to occupy their important niche 
in the marine ecosystem.

Whole proteome dynamics of Trichodesmium erythraeum 
IMS101 vs Crocosphaera watsonii WH8501
The diel proteome of Trichodesmium erythraeum IMS101 was 
explored by high-resolution global proteomics analysis of tripli-
cate cultures maintained in a 14:10 light/dark cycle, with ramped 
dawn and dusk transitions mimicking those in subtropical gyres. 
Samples were collected every 1–3 h for proteomics, biomass Carbon, 
Hydrogen, and Nitrogen (CHN) content analysis and nitrogenase 
activity via the acetylene reduction assay34. The cultures were grown 
in RMP media supplied with ample phosphorus and trace-metal 
nutrients35. Exponential growth (0.7–0.8 doublings per day) was 
observed on the basis of total protein content (Extended Data  
Fig. 1b). The Trichodesmium filaments appeared healthy, and colo-
nies, which in T. erythraeum are indicative of halted growth, nutri-
ent stress and/or redox stress34,36–39, were not observed40.

The proteomics analysis provided a global look at the molecular 
physiology of the Trichodesmium cultures. In total, 2,492 proteins 
were identified, representing 56% of the T. erythraeum IMS101 pre-
dicted protein encoding genes (Supplementary Table 1). Protein 
abundances are reported as normalized spectral abundance fac-
tor (NSAF)-normalized spectral counts to control for protein size 
and small variation in the total protein (~1 μg) injected across the 
samples. The NSAF normalization therefore allows relative protein 
abundances to be compared across the experiment. Total spectral 
counts did not vary systematically across the experiment, indicating 
consistency in proteome depth across the analytical runs (Extended 
Data Fig. 1a). However, based on a colorimetric assay, total protein 
content per volume of culture was greater at night, indicative of 
night-time protein accumulation and/or higher protein degrada-
tion and turnover during the day, consistent with the enrichment of 
protease and peptidase enzymes during the photoperiod (Extended 
Data Fig. 1b and Supplementary Fig. 2).

Trichodesmium’s proteome was highly dynamic and key sys-
tems such as nitrogen fixation, photosynthesis, central carbohy-
drate metabolism and ribosomal proteins oscillated four times and 
as much as 200% within a few hours (Fig. 1a,b). Major proteome 
components included phycobilisome proteins, growth-related 
proteins (ribosomes and chaperonin GroEL), nitrogenase and the 
photosystems (Supplementary Table 2 and Fig. 3). Nitrogen fixa-
tion, light-driven electron transport, photosynthesis and related 
processes, including ATP synthesis (dark blue cluster), clustered 
separately from most other functional modules (green cluster), indi-
cating temporal separation of nitrogen fixation/photosynthesis from 
other metabolic activities (Fig. 1a). The offsetting of these proteome 
clusters can be clearly seen in Fig. 1b, where the general patterns of 
protein abundance in the clusters are mirror images of one another. 
There was no general increase or decrease in protein abundances 
during the diel cycle that would indicate culture effects during the 
24 h experiment (Extended Data Fig. 2). The surprisingly rapid 
dynamics of the proteome was reproduced in three independent 
proteomic observations: the main experiment described above, a 
separate replicate experiment conducted one year earlier (Extended 

Data Fig. 3 and Supplementary Table 3) and in field populations of 
Trichodesmium sampled over a diel cycle on 10 March 2018 from the 
subtropical Eastern Atlantic (65° 22.420′ W, 17° 0.284′ N; Extended 
Data Fig. 4 and Supplementary Table 4). Trichodesmium has a large 
number of two component regulatory systems, proteases and pep-
tidases, which were abundant, cycled continuously throughout the 
day and were probably involved in regulating these rapid proteome 
changes (Supplementary Table 2 and Fig. 2).

The overall dynamics of Trichodesmium’s proteome differed from 
that of Crocosphaera, highlighting the unique nitrogen fixation strat-
egy of Trichodesmium. In Trichodesmium, the proteome oscillated 
four times throughout the diel period, and was as variable at night as 
during the day (Fig. 1a–c). By contrast, Crocosphaera’s proteome had 
only one complete oscillation, with most proteins being abundant 
in the photoperiod, and nitrogenase being most abundant at night, 
consistent with dark nitrogen fixation (Fig. 1d–f). A single proteome 
oscillation based on light/dark cycling, and in particular the tempo-
ral separation of photosynthesis and nitrogenase proteins, is com-
mon in unicellular diazotrophs and is in stark contrast to the rapid 
oscillation of the Trichodesmium proteome41. We interpret the varia-
tion in Trichodesmium’s proteome to reflect the need to accommo-
date nitrogen fixation, photosynthesis and/or other processes during 
the photoperiod, and note that the timescale of the observed changes 
suggests a crucial role for rapid regulatory processes, such as pro-
tein post-translational modification, which were not profiled in this 
experiment and could lead to lower signals at the protein level. Yellow 
and dark purple bars indicate the light and dark periods, respectively.

Nitrogen fixation and photosynthesis occur simultaneously 
during the photoperiod in Trichodesmium
While in Crocosphaera nitrogen fixation was clearly temporally 
separated from photosynthesis, in Trichodesmium three indepen-
dent lines of evidence demonstrated that these processes occur 
simultaneously during the photoperiod: nitrogenase protein con-
centrations, measured nitrogen fixation rates, and diel changes in 
particulate organic carbon (POC) and particulate organic nitrogen 
(PON) content.

First, photosynthesis and nitrogenase enzymes were highly abun-
dant during the photoperiod and appeared coherently in the same 
protein cluster, suggesting that these processes are co-regulated (dark 
blue cluster in Fig. 1a,b). The possibility of direct regulatory links 
between nitrogenase and the photosystem proteins is supported by 
similar observations of co-regulation in the metaproteomes of field 
populations sampled across geographic space42. Again, the cluster-
ing of the nitrogen fixation and photosynthesis proteins was repro-
ducible in diel proteomes of Trichodesmium field populations and 
in a separate laboratory replicate conducted one year before the 
main experiment (Extended Data Figs. 3 and 4). The diel pattern 
of nitrogenase protein abundance differed from previously reported 
patterns in nitrogenase transcripts, which generally increase during 
the day and decrease at night30. In the proteomes, all major sub-
units of the nitrogenase enzyme oscillated 3–4 times throughout 
the diel period, and were most abundant in the early morning and 
mid-afternoon, with a dip at mid-day. Interestingly, we also observed 
a late-afternoon spike in nitrogenase abundance, which was consis-
tent across the replicates and in the field proteomes. These patterns 
were confirmed by absolute quantitation of the nitrogenase NifH, 
NifD and NifK subunits using 15N-labelled peptide standards (Fig. 
2a and Supplementary Table 5). Unlike Crocosphaera, which com-
pletely degrades and re-synthesizes its nitrogenase pool each day, 
in Trichodesmium, nitrogenase never fully disappeared and was 
abundant even when nitrogen fixation rates inferred from acetylene 
reduction/ethylene production rates were below detection.

The second line of evidence was provided by acetylene reduction/
ethylene production rates, an analytical proxy for nitrogen fixation, 
which demonstrated that nitrogen fixation occurred mainly in the 
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Fig. 1 | Dynamics of the Trichodesmium proteome in comparison to Crocosphaera. a, Heatmap of the T. erythraeum IMS101 proteome during the diel 
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photoperiod, particularly in the early morning just after dawn. This 
approach was combined with the absolute protein concentration mea-
surements to calculate nitrogenase-specific activity rates throughout 
the diel period. The observed in vivo specific activity varied between 
261 and 1,934 nmol ethylene per mg NifH per min, and was great-
est in the early morning hours, particularly after dawn (Fig. 2b). The 
specific activity is similar to those reported for other nitrogen fixers 
(900–1,200 nmol ethylene per mg NifH per min for Azotobacter vine-
landii, scaling with growth rate)43. The variation in nitrogenase activ-
ity contrasted with that of Crocosphaera, which exhibited a clearer 
on/off signal, with nitrogenase being present and highly active only at 
night (Extended Data Fig. 5). Together, these observations are consis-
tent with previous evidence that the nitrogenase iron protein NifH in 
Trichodesmium is regulated by post-translational modification, and/
or that energy availability regulates nitrogenase activity30,44. The abil-
ity to maintain an intact pool of nitrogenase and modulate its activity 
by post-translational modification or other means may explain how 
diel patterns of nitrogen fixation are observed to respond to environ-
mental conditions such as light availability45, pCO2

46,47, temperature48 
and oxygen concentrations33.

The third line of evidence for simultaneous photosynthesis 
and nitrogen fixation was provided by temporal changes in POC 

(Fig. 3a) and PON (Fig. 3b), which were balanced throughout the 
day (Supplementary Table 6). As neither fixed nitrogen nor car-
bon were provided to the cultures, changes in POC content can be 
attributed to carbon fixation and respiration, and changes in PON 
content attributed to nitrogen fixation and loss. The relative bal-
ance of POC versus PON content can be used to infer excess pro-
duction: excess carbon fixation occurs when POC and POC:PON 
increase, excess nitrogen fixation occurs when PON increases and 
POC:PON decreases, excess carbon respiration occurs when POC 
and POC:PON decrease, and excess nitrogen loss occurs when PON 
decreases and POC:PON increases. We also considered situations 
in which multiple processes occurred, that is, decreased POC:PON 
ratio associated with carbon respiration and nitrogen production, 
or increased POC:PON ratio associated with carbon production 
and nitrogen loss, but this was not observed. Based on this frame-
work, excess nitrogen fixation occurred in the early morning, fol-
lowed by excess carbon fixation around noon, and then consistency 
in the POC:PON ratio for much of the afternoon (Fig. 3c–e; see also 
Supplementary Figs. 4 and 5 and Table 7, which reports the results 
of an additional replicate consistent with Fig. 3). This indicates 
simultaneous and generally balanced bulk production of POC and 
PON through coupled photosynthesis and nitrogen fixation – pos-
sibly a key benefit of daytime nitrogenase activity. POC content was 
only weakly correlated with protein content (r2 = 0.13, Extended 
Data Fig. 6), consistent with previous reports that diel POC con-
tent is driven by changes in carbohydrate abundance, and that 
total protein content is relatively constant49. Relative stability in the 
POC:PON ratio of Trichodesmium has been observed previously48,50 
and implies that carbon fixation rates can be used to estimate nitro-
gen production by Trichodesmium51.

Together, the nitrogenase protein concentrations, acetylene 
reduction rates and POC/PON content clearly demonstrated day-
time nitrogen fixation activity. However, whereas in some stud-
ies nitrogen fixation peaks at mid-day concurrent with decreased 
photosynthetic efficiency14,24,26, here mid-day was associated with a 
transient decrease in acetylene reduction rates (Fig. 3c), consistent 
with the observed decrease in nitrogenase and photosystem pro-
tein abundance (Fig. 2a and Fig. 3f–k), nitrogenase specific activity 
(Fig. 2b) and cellular PON content (Fig. 3b). The lack of consen-
sus regarding the diel nitrogen fixation patterns of Trichodesmium 
is not surprising given multiple observations of its dependence on 
environmental conditions. Indeed, diel patterns of nitrogen fixa-
tion based on acetylene reduction measurements vary in the litera-
ture, and the observed peak occurs at different times ranging from 
mid-morning to mid-afternoon, indicating that diel nitrogen fixa-
tion and its regulation is not well-understood24,33,45,52–54.

Distinct roles for glycogen and nitrogenase in 
Trichodesmium vs Crocosphaera
Glycogen production is an integral part of the ecological strategy 
of Cyanobacteria, and particularly serves as a means to regulate 
stress due to nitrogen limitation or high-light exposure. Glycogen 
serves two major and related purposes, first as an energy storage 
compound and second to prevent damage to the photosystems by 
providing a safe sink for excess electrons when carbon fixation is 
hindered, for instance by lack of nitrogen55,56. Crocosphaera benefit 
from these functions by producing large amounts of glycogen dur-
ing the day and consuming the stored energy to fuel nitrogenase 
activity at night; therefore, glycogen content in Crocosphaera is 
positively correlated with photosynthesis protein abundance and 
negatively correlated with nitrogenase abundance17. In contrast, 
glycogen synthesis protein GlcG in Trichodesmium was strongly 
and negatively correlated with both the photosynthesis and nitro-
gen fixation proteins (Spearman correlation coefficient = −0.91, 
P = 1 × 10−16) (Fig. 4a–e and Supplementary Table 8), suggesting 
a fundamentally different role for glycogen production in the 
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physiology of Trichodesmium that is related to its daytime nitro-
gen fixation patterns.

We suggest that the positive correlation between nitrogenase and 
the photosystems, together with the negative correlation of these 
enzymes to the glycogen synthesis protein GlcG, indicates that 
Trichodesmium uses the energy-demanding nitrogenase enzyme, 

which consumes 16 ATPs and 8 electrons per reaction turnover57, in 
lieu of glycogen to modulate energy during the photoperiod. In this 
way, bursts of photosynthesis at defined intervals during the pho-
toperiod may be linked to bursts of nitrogen fixation that not only 
relieve N-limitation, ensuring balanced POC and PON production, 
but also prevent damage to the photosystems by consuming excess 
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light energy. The photosynthesis protein PsaC was positively corre-
lated with the photosystem enzymes and nitrogenase, and may be the 
conduit for direct energy transfer between photosystem II and nitro-
genase via soluble ferredoxin (Fig. 4d). In this way, Trichodesmium 
may be distinct from Crocosphaera, which always uses the non-iron 
containing flavodoxin to provide electrons to nitrogenase to reduce 
cellular iron demand17. If electrons are supplied to nitrogenase via a 
soluble ferredoxin charged by PsaC, this would add to the realized 
iron requirement of the nitrogenase enzyme. However, the mecha-
nism of electron transport to nitrogenase may be flexible depend-
ing on iron conditions, since Trichodesmium is known to substitute 
flavodoxin for ferredoxin during Fe stress, and here only high iron 
conditions were considered58,59.

Daytime nitrogen fixation allows Trichodesmium to occupy 
a high-light niche
Daytime nitrogen fixation allows the direct shunt of electrons from 
the photosystems to nitrogenase, and may reduce glycogen pro-
duction and the density of the cell, thereby helping Trichodesmium 
to remain neutrally buoyant. Trichodesmium cell density is clearly 
impacted by the amount of carbohydrate ballast in the cell, and gly-
cogen represents a large fraction of this ballast49,60–62. To assess the 
benefits of daytime nitrogen fixation to Trichodesmium, we intro-
duced a hypothetical night nitrogen fixation scenario in which, sim-
ilar to Crocosphaera, the majority of nitrogen fixation is conducted 
in the dark (Supplementary Table 9). In this hypothetical night 
nitrogen fixation scenario, Trichodesmium would have to produce 
glycogen to provide energy to nitrogenase, which would increase 
the POC content of the cell by ~60% (Table 1 and Supplemental 
Box 1). This would most probably cause Trichodesmium cells to 
sink, given the high density of glycogen (0.5–2 g ml−1)63 and the  

observation that Trichodesmium already invests heavily in buoy-
ancy maintenance by producing gas vesicles, the proteins for which 
are highly expressed (Supplementary Table 2), and which occupy 
up to 70% of the cell volume60. Indeed, the glycogen content of 
Trichodesmium is much lower than in Crocosphaera, indicating 
reduction of ballast in Trichodesmium cells (Fig. 5b). Furthermore, 
the glycogen content was higher in Trichodesmium cells sampled at 
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Table 1 | calculated benefits and costs of normal daytime 
nitrogen fixation to Trichodesmium, compared with the 
hypothetical night nitrogen fixation scenario described in the 
text

Maximum Poc content

Actual day nitrogen fixation scenario (μg ml−1 culture) 3.976

Hypothetical night nitrogen fixation scenario (μg ml−1 
culture)

6.362

% increase hypothetical night nitrogen fixation vs actual 
day nitrogen fixation

60%

Minimum Fe bound to inactive nitrogenase

Actual day nitrogen fixation scenario (μmol mol−1 POC) 10

Hypothetical night nitrogen fixation scenario (μmol mol−1 
POC)

~0*

Details of the calculations are provided in the supplementary material. POC content is higher in the 
hypothetical night nitrogen fixation scenario to fuel the energy-demanding nitrogenase enzyme in 
the absence of light energy. Cellular Fe requirements may also differ – night-time nitrogen fixation 
allows for ‘hot-bunking’ between the nitrogenase and photosynthesis enzymes since the processes 
are separated temporally (*)17.
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depth, demonstrating that increased glycogen content is associated 
with sinking (Extended Data Fig. 7).

In contrast to small spheroid Crocosphaera cells, Trichodesmium’s 
efforts to maintain neutral buoyancy are compounded by its large 
cell size and tendency to aggregate in filamentous colonies. This is 
related to the dependence of the drag force on the Reynolds number, 
a non-dimensional parameter dependent on speed and shape that 
exerts a dominant influence on the drag experienced by an object 
moving through a fluid. We calculated the terminal velocity of 
spherical marine microbial particles of characteristic diameters and 
specific gravities selected from the literature, including individual 
Trichodesmium cells, and small and large puff-type Trichodesmium 
colonies (see Supplementary Table 9). The sinking speed was pre-
dicted from a force balance of buoyancy and drag, where the drag 
coefficient was allowed to vary as a function of Reynolds number, 
itself dependent on speed, and the solution found iteratively. The 
sign of the terminal velocity, dependent on the calculated specific 
gravity of the particle relative to seawater, indicated whether the par-
ticle was expected to sink (downwards velocity) or to float (upwards 

velocity). Trichodesmium particles were modelled such that 25% of 
the cell volume was occupied by a low-density gas vesicle, resulting 
in initial floating velocities for single cells and colonies (Fig. 5a). 
This is consistent with previous observations that a substantial frac-
tion of Trichodesmium colonies are positively or at least neutrally 
buoyant, depending on their carbohydrate content62. The hypotheti-
cal dark nitrogen fixation scenario, described above, was modelled 
by increasing the biomass component of the Trichodesmium specific 
gravity estimation by 60%, as described in Table 1. In all cases, the 
added glycogen density resulted in a switch from floating to sinking 
for the Trichodesmium particles, indicating that use of nitrogenase 
at night could fundamentally change the buoyant properties of the 
organism. For large Trichodesmium colonies, the estimated sink-
ing speed for the hypothetical dark nitrogen fixation case exceeded 
100 m d−1, meaning that the particles would leave the euphotic zone 
very rapidly. It should be noted that for tractability, we modelled the 
particles as smooth spheres; surface roughness, particularly ‘spiky’ 
morphology in puff-type colonies, could increase drag and slow 
the sinking speed60. These results thus additionally highlight the 
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potential importance of colony morphology on the biogeochemi-
cal function of Trichodesmium, in particular their impact on carbon 
and nitrogen export to depth12. Supporting this, we observed that 
in field populations, the glycogen content of ‘spiky’ Trichodesmium 
puff colonies was greater than that of Trichodesmium tuft colonies 
(Extended Data Fig. 8).

Thus, whereas glycogen provides an essential means to store 
energy for night-time nitrogen fixation in unicellular diazotrophs, 
glycogen ballast presents a problem in Trichodesmium. Shifting 
nitrogen fixation to the day minimizes glycogen production and 
provides a means for Trichodesmium colonies to stay afloat. In this 
way, Trichodesmium’s large size and tendency to form colonies may 
have driven it to daytime nitrogen fixation or vice versa – by helping 
Trichodesmium to remain at the surface, the development of day-
time nitrogen fixation patterns may have allowed Trichodesmium 
cells to develop social behaviours, including the formation of large 
colonies. It is unclear whether these behaviours evolved simultane-
ously or sequentially, and if so, which came first. However, it is clear 
that daytime nitrogen fixation is crucial to Trichodesmium’s niche 
as a high-light, neutrally buoyant, large-celled colonial diazotroph.

the iron cost of daytime nitrogen fixation
While clearly beneficial for buoyancy, daytime nitrogen fixation 
also comes at a cost, in particular driving the high iron quota of 
Trichodesmium cells. As mentioned before, Crocosphaera is able to 
reduce its daily iron demand by about 40% by completely degrading 
and re-synthesizing nitrogenase, allowing it to ‘hot-bunk’ iron atoms 

and repurpose them for photosynthesis during the day17. Assuming 
that nitrogenase does not exist as an apoenzyme, the rapid cycling 
of nitrogenase and the fact that it is never fully degraded mean 
that Trichodesmium cannot benefit from this iron-sparing strat-
egy as Crocosphaera does. In the quantitative proteomic analysis 
of the NifH enzyme, the lowest observed concentration of nitro-
genase was 27 fmol μg−1 total protein (midnight) and this increased 
5.5-fold to a maximum of 116 fmol μg−1 at mid-morning (Fig. 2 and 
Supplementary Table 5). Assuming normal nitrogenase subunit 
configuration (one NifH dimer + one NifD/NifK heterotetramer) 
and full loading of the iron-binding sites (15 atoms per enzyme), 
this is equivalent to a minimum of 187 fmol iron per μg total protein 
at midnight and a maximum of 877 fmol iron per μg total protein 
at the height of nitrogen fixation. Using measured ratios of total 
protein:biomass POC content and the molecular weight of glucose 
as a conservative proxy for POC, this is equivalent to 10–39 μmol Fe 
bound to nitrogenase per mol biomass carbon, representing at least 
30% of the cellular iron quota, consistent with a previous estima-
tion (Table 1)64,65. Thus, the need to maintain simultaneously active 
pools of nitrogenase and photosynthetic machinery probably drives 
the high iron requirement of Trichodesmium cells, consistent with 
the frequent observations of iron stress in natural populations42,58,66.

To occupy its niche of simultaneous nitrogen fixation and pho-
tosynthesis, Trichodesmium appears to be a conspicuous consumer 
of iron, and has developed specific iron-acquisition strategies, some 
of which depend on colony morphology, to do so. One particularly 
relevant iron-acquisition behaviour is the ability acquire iron from 
particulate sources. Particulate-iron utilization represents a ben-
efit to colony formation and occurs via specialized mechanisms, 
including biologically mediated reduction of particulate Fe(III) to 
Fe(II) and possible involvement of siderophores produced by the 
epibiont community67–70. Daytime nitrogen fixation is a key driver 
of Trichodesmium’s high iron quota, but it also provides a means for 
colonies to maintain buoyancy, and may therefore enhance access 
to atmospheric dust particles that enter at the surface. Given that 
staying afloat is a problem for Trichodesmium colonies, it is inter-
esting that they have adapted to carry dense mineral particles, that 
is, they are literally carrying small rocks. From previously pub-
lished synchrotron-based element maps of a Trichodesmium puff, 
we estimated that a ~1-mm-diameter colony carried 1.03 μg of 
iron in the form of mineral oxides and silicates70. Assuming that 
the density of the Trichodesmium biomass was similar to that of lit-
erature observations, this results in a 56% increase in the density 
of the colony and a significant increase in the sinking velocity, on 
the order of 1,000 m d−1 in the hypothetical dark nitrogen fixation 
case (Fig. 5 and Extended Data Fig. 9). Thus, the development of 
particle-utilization behaviours may reinforce the need for ballast 
reduction via daytime nitrogen fixation patterns in Trichodesmium, 
as well as the production of gas vesicles to keep the colony afloat.

By effectively slowing the sinking speed of mineral particles, 
Trichodesmium colonies may enhance the retention and residence 
time of particulate minerals in the euphotic zone (Fig. 6 left inset). 
This would provide more time for solubilization of iron from 
these minerals, hence gas-vesicle-containing, positively buoyant 
Trichodesmium colonies may play important roles in the biogeo-
chemical cycling of particulate metals. In this way, daytime nitro-
gen fixation and dust utilization reinforce the specific niche of 
Trichodesmium and underlie its abundance in high-dust surface 
ocean ecosystems2,69,71,72. Figure 6 summarizes how these multiple 
aspects of Trichodesmiums’ cellular biochemistry together define its 
particular ecological niche.

Implications for the diazocyte hypothesis
Trichodesmium is often pointed to as a unique case among nitro-
gen fixers because it performs nitrogen fixation and photosynthesis 
simultaneously without the use of differentiated heterocyst cells73,74. 
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Trichodesmium can also regulate buoyancy through production of gas 
vesicles that confer neutral and/or positive buoyancy. Thus, Trichodesmium 
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from their high-light-adapted pigments, their ability to access iron from 
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buoyant Trichodesmium colonies may increase the residence time of 
dust particles in the euphotic zone, providing more time for particle 
solubilization. Not drawn to scale.
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Spatial separation of nitrogen fixation into partially differentiated 
‘diazocytes’ was proposed in Trichodesmium26,75; however, the evi-
dence for this strategy has been inconsistent and unrepeatable27,29,31. 
Despite the lack of further experimental evidence for diazocytes, 
there has been confusion in the literature resulting in the assump-
tion of spatial separation as a major cost associated with daytime 
nitrogen fixation57,76 (see Supplemental text for a brief review of 
the current evidence). Our study suggests that a key benefit of day-
time nitrogen fixation is the ability to channel light-derived energy 
directly to the nitrogenase enzyme, thus reducing glycogen ballast 
and helping Trichodesmium to remain buoyant. It is unclear how 
this finding could be reconciled with the diazocyte theory, since 
this would require large amounts of energy to be transferred from 
the vegetative to the diazocyte cells. In true heterocyst-forming 
Cyanobacteria, reduced carbon is passed to the heterocysts as 
sucrose, but the Trichodesmium genome lacks the crucial sucrose 
metabolism proteins.

The molecular mechanisms of the hypothesized diazocyte for-
mation are similarly unclear; the involvement of the regulatory 
protein HetR has been suggested, as this protein is crucial to het-
erocyst formation in the true heterocyst-forming cyanobacterium 
Anabaena and the protein is present in Trichodesmium. However, the 
hetR gene is widely distributed among filamentous Cyanobacteria 
(including non-nitrogen-fixing Cyanobacteria), evolved before 
heterocysts and is probably involved in other processes, including 
filament cooperation more broadly77. Furthermore, we note that the 
T. erythraeum genome lacks other necessary heterocyst formation 
and maintenance genes78, such as hetN and patS. Thus, although 
our results do not necessarily preclude the existence of diazocytes, 
we find no evidence for them and instead suggest that the dynamic 
cycling of the proteome throughout the diel cycle could support 
nitrogen fixation without the need to invoke spatial separation.

conclusions
Daytime nitrogen fixation by Trichodesmium requires considerable 
investment in the regulation, synthesis and degradation of photo-
system components, nitrogenase and other metabolic proteins on 
short timescales. Here we identify the niche-defining benefits that 
seem to counteract these costs. In summary, the ability to directly 
shuttle energy from the photosystems to the nitrogenase enzyme 
reduces glycogen ballast, allowing Trichodesmium filaments and 
colonies to remain at the surface. There, Trichodesmium is uniquely 
poised to access iron from atmospherically derived dust particles, 
driving its competitiveness in high-dust environments and under-
scoring the potential importance of buoyant Trichodesmium colo-
nies in the processing of mineral particles in the euphotic zone9,79. 
These findings build on previous frameworks relating nutrient 
acquisition to cell size and shape, where it is generally thought 
that smaller cells are better competitors in the oligotrophic ocean, 
owing to their larger surface area:volume ratios42,80,81. Specifically, 
this study highlights that being small is not the only way that a 
cyanobacterium can maximize its viability in oligotrophic environ-
ments, but rather that a large-celled colonial cyanobacterium can  
become highly competitive in an oligotrophic system by adapt-
ing novel biochemical patterns that reinforce each other to define 
a specialized niche. Importantly, it is not just a single aspect of 
Trichodesmium’s biochemistry and physiology that provides these 
benefits, but rather a collection of connected cellular processes, 
which together defines the ecology and biogeochemical impact of 
these unique nitrogen fixers.

Methods
Culture conditions. Trichodesmium erythraeum IMS101 was grown in RMP 
growth medium prepared with oligotrophic Sargasso seawater35. The cultures 
were not axenic but had been sterile-transferred for hundreds of generations; few 
epibiont proteins were identified, suggesting the cultures were strongly dominated 

by T. erythraeum. The cultures were maintained for months at 26.9 °C in a 14:10 
day:night light cycle with light ramp up/down at dusk and dawn mimicking 
conditions at Station ALOHA. Approximately 200 ml of dense, healthy, replicate 
cultures were inoculated into triplicate experimental vessels in a final volume of 
1,200 ml RMP media with constant, gentle stirring and gentle oxygenation. The 
cultures were allowed to acclimate and grow for 5 d before subsampling by sterile 
pipetting every 1–3 h. Distinct samples (n = 45) were collected onto 0.2 μm filters 
for proteomics (50 ml), GFF filters for CHN analysis (10 ml) and for acetylene 
reduction assay (20 ml, 1 h incubation period). A separate replicate experiment 
was conducted in the same way one year earlier (see Supplementary Fig. 4 and 
Extended Data Fig. 3). The doubling time calculated from changes in total 
protein concentration was 0.66–0.76 per day, and protein content represented 
approximately 20% of the total biomass POC. CHN analyses were performed by 
combustion on an elemental analyser (Control Equipment, model CEC 440HA) at 
the UCSB Marine Science Institute Analytical Laboratory.

Acetylene reduction assay. The acetylene reduction assay was conducted by 
injecting 2 ml concentrated acetylene gas into the headspace of a sealed 50 ml 
Nalgene culture bottle containing 20 ml of the sampled culture. The culture was 
returned to the incubator for 1 h, then the reduction product (ethylene) was 
measured by gas chromatography on a Shimadzu GC-8A and calibrated to a 
9.1 ppb ethylene standard.

Protein digestion and metaproteomic analysis. Proteins were analysed by a global 
proteomics/DDA method. In global proteomics, proteins are broken into small 
pieces, analysed and then reassembled bioinformatically. The protein targets are 
not selected ahead of time. Proteins were extracted by an SDS detergent-based 
method and trypsin-digested in a polyacrylamide tube gel42,82,83. Protein abundance, 
which was used to estimate doubling time, was quantified by a colorimetric 
BCA protein assay (Thermo Fisher). Peptide mixtures were concentrated to 
1 μg protein μl−1 solution and 10 μl or 10 μg was injected per analysis. The global 
proteomes were analysed by Reverse Phase Liquid Chromatography - active 
modulation - Reverse Phase Liquid Chromatography Mass Spectrometry 
(RPLC-am-RPLC-MS)84 involving two orthogonal in-line chromatography 
steps (PLRP-S (200 µm × 150 mm, 3 µm bead size, 300 Å pore size, NanoLCMS 
Solutions), followed by C18 column (100 m × 150 mm, 3 µm particle size, 120 Å 
pore size, C18 Reprosil-God, Maisch, packed in a New Objective PicoFrit column)) 
on a Thermo Dionex Ultimate 3000 LC system equipped with two RSLC pumps. 
The first dimension of chromatography was an 8 h pH 10 gradient (10 mM 
ammonium formate and 10 mM ammonium formate in 90% acetonitrile), which 
was trapped on alternating dual traps and eluted at 30 min intervals at 500 nl 
min−1 onto the C18 column (0.1% formic acid and 0.1% formic acid in 99.9% 
acetonitrile). The resulting eluent was injected directly onto a Thermo Orbitrap 
Fusion mass spectrometer with a Thermo Flex ion source. MS1 scans were 
monitored between m/z 380 and 1,580, with an m/z 1.6 MS2 isolation window 
(CID mode), 50 ms maximum injection time and 5 s dynamic exclusion time.

Raw spectra were searched using the SequestHT algorithm implemented in 
Proteome Discoverer 2.2. Peptide sequences were mapped to a Trichodesmium 
erythraeum IMS101 genome (RefSeq NC_008312.1) plus non-redundant 
non-Trichodesmium sequences identified in a recent metatranscriptome analysis 
of epibiont organisms associated with T. erythraeum IMS101 cultures85. Search 
parameters were 10 ppm parent mass tolerance, 0.8 Da fragment mass tolerance, 
cysteine modification +57.022 and methionine modification +16. Protein 
identifications were made via PeptideProphet implemented in Scaffold (Proteome 
Software) with a stringent 0.01% peptide and 0.3% protein global false discovery 
rates. Epibiont protein identifications were very sparse and inconsistent, so only 
Trichodesmium proteins were considered in the downstream analysis. Relative 
quantitation was done by normalized spectral count using the NSAF method 
implemented in Scaffold. The NSAF normalization controls for sample-to-sample 
variation in amount of material injected into the mass spectrometer, as well as 
variation in protein sequence length86. Normalized spectral counts can therefore be 
used to compare protein abundances across samples in the dataset.

Absolute quantitation of the nitrogenase enzyme. Absolute quantitation of 
the nitrogenase enzyme was conducted by parallel reaction monitoring87 using 
an isotopically labelled standard for each peptide quantified. The heavy-labelled 
standard peptide was generated by expressing it in a custom-designed plasmid in 
competent tuner(DE3)pLys Escherichia coli cells growing in 15N-labelled medium42. 
The over-expressed standard was isolated in inclusion bodies, trypsin-digested 
and calibrated using a known amount of commercially available Pierce standard 
peptide mixture (catalogue number 88320), the peptides of which were also 
included in the custom plasmid. The standard deviation of this calibration was 
approximately 10%. Linearity of the calibration within the range of expected 
experimental peptide concentrations was confirmed by a dilution curve based 
on precursor ion intensity and covering concentrations in the range 0.001 to 
200 fmol μl−1 (Extended Data Fig. 10). Experimental samples were prepared at 
0.1 μg μl−1 total experimental protein and contained the heavy-labelled peptide 
standard at a concentration of 10 fmol μl−1; 10 μl of the sample was injected into 
the mass spectrometer. The liquid chromatography settings were similar to the 
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metaproteomic analysis, but only a single dimension of chromatography (C18 
column) and a 2 h chromatography gradient was used. The mass spectrometer 
was run in parallel reaction monitoring mode such that targeted precursor ions 
(m/z) were isolated for fragmentation and MS2 analysis. Peptide quantitation was 
performed in Skyline88 using the top 6 most abundant fragment ions for each 
peptide. The ratios of the heavy (standard) vs light (experimental) MS2 peak 
areas were averaged and this was used to calculate the nitrogenase concentration, 
accounting for protein extraction efficiency, with corrections for measured protein 
extraction efficiency (Supplementary Table 6). Absolute nitrogenase concentrations 
are reported as femtomoles per microgram of total protein.

Proteome analysis and glycogen quantitation of field Trichodesmium 
populations. Trichodesmium cells were sampled over a diel cycle on 10 March 
2018 (Tricolim/AT39-05 expedition) from the subtropical Eastern Atlantic 
(65° 22.420′ W, 17° 0.284′ N). Samples of mixed morphology were collected in 
biological triplicates by gentle hand-picking, followed by two rinses in 0.2 μm 
sterile filtered trace-metal-clean seawater and decanting onto a 0.2 μm supor filter. 
Samples were flash frozen in liquid nitrogen and stored at −80 °C until analysis. 
Proteins were digested using the tube-gel method described above and analysed on 
a Michrom Advance HPLC coupled to a Q-exactive mass spectrometer (Thermo 
Fisher) with a Michrom Advance CaptiveSpray source. A 4 h one-dimension 
chromatography gradient (0.1% formic acid and 0.1% formic acid in 99.9% 
acetonitrile) was performed using a C18 column (0.1 × 150 mm ID, 3 µm particle 
size, 120 Å pore size, C18 Reprosil-Gold, Maisch, packed in a New Objective 
PicoFrit column). MS1 scans were monitored between m/z 380 and 1,280 with 5 s 
dynamic exclusion. Raw spectra were searched using the SequestHT algorithm 
implemented in Proteome Discoverer 2.2 using a publicly available Trichodesmium 
metagenome (JGI IMG ID 2821474806). Search parameters were 10 ppm parent 
mass tolerance, 0.6 Da fragment mass tolerance, cysteine modification +57.022 
and methionine modification +16. Protein identifications were made via 
PeptideProphet implemented in Scaffold (Proteome Software) with 0.06% peptide 
and 1.5% protein global false discovery rates. In stations around this region, the 
population was dominated by a Trichodesmium theibautii species89. A total of 1,590 
Trichodesmium proteins were identified.

For glycogen measurements, cells were lysed by boiling the filter split at 95 °C 
for 10 min. Lysate was clarified by centrifugation and glycogen was then quantified 
by the Sigma-Aldrich glycogen assay kit (MAK016) used in colorimetric mode. A 
separate set of samples collected on 7 August 2017 (JC150 expedition) from the 
Western Atlantic (31° W, 22° N) was also analysed for glycogen content42. These 
were collected in triplicate from early morning plankton nets deployed to different 
depths (40, 90 and 160 m), dragged for 10 min and then returned quickly to the 
surface, and glycogen content analysed as before.

Estimation of terminal velocity of phytoplankton particles. The terminal 
velocity of phytoplankton particles was calculated by solving for a terminal velocity 
as the solution to a force balance of buoyancy versus drag for representative 
spherical particles of diameters and specific gravities determined from the 
literature. The associated Matlab code is provided at https://github.com/naheld/
Held2020_TrichoDiel. Particle properties are summarized in Supplementary 
Table 9. Trichodesmium specific gravity was calculated by allowing 25% of the cell 
volume to be occupied by a low-density gas vesicle (density = 1.025 kg m−3) and 
the remaining 75% of the cell volume to be occupied by Trichodesmium biomass of 
medium density as determined from the literature62,90.

The buoyancy force Fb was calculated from the particle’s displacement and the 
density differential between the particle and surface ocean seawater (1,025 kg m−3) 
via Archimedes’ principle:

Fb =
4
3 πr

3
(ρT − ρSW)g (1)

where g denotes gravitational acceleration (9.81 m s−2), r denotes particle 
radius, and ρT and ρSW denote the densities of the phytoplankton and seawater, 
respectively. Positive Fb indicates a negatively buoyant (sinking) particle. The drag 
force was calculated according to

Fd = CD(Re)
1
2 ρSWv|v|πr2 (2)

where CD(Re) denotes the drag coefficient for a sphere referenced to 
cross-sectional area and depends on the Reynolds Number Re, and v denotes the 
terminal velocity of the particle. Positive values of v denote a sinking particle. 
Terminal velocity was computed as the solution to Fb  = Fd. To permit a numerical 
solution, we employed an analytical approximation91 to the drag coefficient as a 
function of Re accurate for smooth spheres to Re <106. The Reynolds numbers 
corresponding to the terminal velocities determined for the range of particle sizes 
and velocities examined span many orders of magnitude, from laminar to turbulent 
flow regimes (Re range: 4.4 × 10−11 – 2.5 × 103).

For Trichodesmium colonies with hypothetical night nitrogen fixation, the 
density of the particle was increased by 60% (Table 1). The mass of dust particles 
was estimated from a previously published synchrotron-based X-ray fluorescence 

element map of a natural Trichodesmium puff-type colony of diameter ~1 mm that 
contained dust particles (Extended Data Fig. 10)89. The integrated iron mass was 
calculated by isolating particles from the element map using a concentration mask 
and pixel density to estimate the integrated iron concentration of all particles in the 
colony. The estimated iron mass was 1.03 μg or 18.4 nmol Fe.

Statistical analyses. Downstream analyses including data preparation, plotting 
and statistical analyses were conducted in Python 3.0 using the matplotlib 3.3.4 
(http://matplotlib.org/)92, seaborn 0.11.1 (https://seaborn.pydata.org https://doi.
org/10.5281/zenodo.592845) and scipy 1.6.1 (https://docs.scipy.org/)93 libraries. 
Hierarchical clustering as in Fig. 1a,c was performed by the unweighted pair 
group method with arithmetic mean (UPGMA) implemented in scipy and plotted 
in seaborn. Sinusoidal modelling for Fig. 1e,f was performed by optimization of 
a basic sinusoidal function via least-squares regression implemented in scipy. 
Protein expression networks were generated with the Python networkX 2.4 library 
(https://networkx.github.io)94 using pre-calculated Spearman correlation statistics 
(Supplementary Table 8), where a positive correlation between two proteins was 
defined as Spearman correlation coefficient >0.8, P < 0.05 (two-sided Student’s 
t-test), and a negative correlation between two proteins defined as Spearman 
correlation coefficient < −0.8, P < 0.05 (two-sided Student’s t-test).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data has been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository with the dataset 
identifiers PXD016332 and https://doi.org/10.6019/PXD016332 (laboratory 
experiments) and identifier PXD027796 and https://doi.org/10.6019/PXD027796 
(field data). The processed proteomic data are also available at the Biological and 
Chemical Oceanography Data Management Office (BCO-DMO) (https://www.
bco-dmo.org/dataset/783873). Source data are provided for main text Figs. 1–5 and 
Extended Data Figs. 1–10. Source data are provided with this paper.

code availability
Fully reproducible code for sinking velocity calculations, statistics and plotting is 
available at https://github.com/naheld/Held2020_TrichoDiel.
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Extended Data Fig. 1 | total spectral counts and average protein content across the diel cycle. a) Average total spectral counts (peptide to spectrum 
matches) with error bar representing +/- one standard deviation, at each time point. Each data point is also shown individually as black scatter points. 
Yellow and indigo bars indicate the light and dark periods, respectively. Total spectral counts were relatively uniform and do not vary systematically 
throughout the diel cycle, implying consistency in the proteome analyses. b) Total protein content in the culture shown with error bar representing +/- one 
standard deviation, for biological duplicates after protein precipitation and purification, measured by a colorimetric assay. Higher protein abundances at 
night may suggest nighttime cell growth. Again, each data point is also shown individually as black scatter points. Yellow and indigo bars indicate the light 
and dark periods, respectively.
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Extended Data Fig. 2 | Dynamics of the entire proteome of Trichodesmium erythraeum sp. IMS101 over the diel cycle. The dynamic range of the 
normalized spectral count data can be observed, as well as fluctuations in protein abundance occurring throughout the experiment.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Proteome dynamics of separate replicate laboratory experiment over the diel cycle. a) Clustered heatmap of a replicate diel 
experiment conducted one year prior to the main experiment, under the same experimental conditions. Protein abundances were summed for each 
KO module and normalized across each row. b) Dynamics of the proteome clusters over the diel cycle, with each KO module represented as a line and 
colored based on the clustering in panel (A). Rapid oscillations of the proteome and clustering of the nitrogenase/nitrogen metabolism proteins with the 
photosystems are similar in the main experiment. Yellow and dark purple bars indicate the light and dark periods, respectively.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Proteome dynamics of field Trichodesmium population over the diel cycle. a) Clustered heatmap of the proteome of a field 
Trichodesmium population sampled in situ over a diel cycle. Protein abundances were summed for each KO module and normalized across each row. 
b) Dynamics of the proteome clusters over the diel cycle, with each KO module represented as a line and colored based on the clustering in panel (A). 
Though the sampling was lower resolution than in the laboratory experiments, the rapid oscillations of the proteome are reproduced. Yellow and dark 
purple bars indicate the light and dark periods, respectively.

NAtuRE MIcRoBIology | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ArticlesNature Microbiology ArticlesNature Microbiology

Extended Data Fig. 5 | In vivo specific activity of the nitrogenase NifH protein over the diel cycle for Crocosphaera watsonii. In vivo specific activity of the 
nitrogenase NifH protein (nmol ethyelene produced per min per mg NifH) over the diel cycle for Crocosphaera watsonii34. Unlike in Trichodesmium  
which exhibits significant variability in nitrogenase activity throughout the diel cycle, in Crocosphaera nitrogenase is either not present or highly present and 
very active.
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Extended Data Fig. 6 | Poc content versus total protein spectral counts. POC content versus total protein spectral counts in the main laboratory 
experiment. These are weakly correlated suggesting that POC content is driven mainly by carbohydrate content, not protein abundance.
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Extended Data Fig. 7 | glycogen content of trichodesmium populations sampled in situ by depth. The populations were sampled on August 7, 2017 
at 31°W 22°N in the early morning. Error bars are standard deviations of the mean value of the biological triplicates, and corresponding data points are 
plotted in grey circles. For each depth, n = 3 samples collected from replicate phytoplankton net sampling events, n = 2 samples for depth = 160 m.
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Extended Data Fig. 8 | glycogen content of Trichodesmium colonies separated by morphology. Glycogen content of Trichodesmium colonies sampled 
in situ at the surface and separated by morphology. The populations were sampled from the surface on March 10, 2018 at 65 22.420 °W 17 0.284 °N and 
separated by morphology at the time of picking.
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Extended Data Fig. 9 | Synchrotron-based element maps used to determine mass of particulate iron associated with a puff-type colony. 
Synchrotron-based element maps used to determine mass of particulate iron associated with a puff-type colony, data originally collected as in Held et al., 
202020. The left image is the X-ray fluorescence-based concentration, the middle image represents pixels with sufficiently high Fe to be considered a 
particle, and the right image is the product of the left and middle images. The total particulate Fe was determined as the area integrated Fe of the right 
image. The scale bar represents 180 microns. As detailed in Held et al., 2021, five Trichodesmium colonies of differing morphologies and degrees of particle 
association were examined in this way. These images are representative of a Trichodesmium colony with average-to-high particle loading.
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Extended Data Fig. 10 | calibration curves for 15N labeled standard peptides used for absolute quantitation of the nitrogenase proteins. Precursor ion 
intensities were linearly correlated with analyzed peptide concentrations between 0-10 fmol μL−1.
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in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Peptide to spectrum matching was performed using Sequest HT implemented in Proteome Discoverer v2.2. Protein identification and 
grouping and spectral count normalization was performed in Scaffold  4.8.7. Analysis of absolute protein concentrations from the PRM 
datasets was conducted in Skyline v20.2. 

Data analysis Python 3.0, matplotlib 3.3.4, seaborn 0.11.1, scipy 1.6.1, networkX 2.4, matlab R2020a. Analysis and plotting scripts can be found at https://
github.com/naheld/Held2020_TrichoDiel. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The mass spectrometry proteomics data has been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifiers 
PXD016332 and 10.6019/PXD016332 (laboratory experiments) and identifier PXD027796 and 10.6019/PXD027796 (field experiments). The processed proteomic 
data are also available at the Biological and Chemical Oceanography Data Management Office (BCO-DMO) (https://www.bco-dmo.org/dataset/783873). 
Deployment data for the AT39-05 field expedition can be found at https://www.bco-dmo.org/deployment/765978. Source data are provided for main text Figures 
1-4 and Extended Data Figures 1-10. 
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description The diel proteome of cultured Trichodesmium erythraeum sp. IMS101 was investigated via shotgun LC-MS analysis and absolute 
quantitation of the nitrogenase proteins via parallel reaction monitoring. Triplicate cultures were sampled every 1-3 hours 
throughout a 24 hour day (n=45) for proteomics, biomass POC and PON content, and nitrogen fixation rates assessed by the 
acetylene reduction assay. 

Research sample Cultured Trichodesmium erythraeum sp. IMS101, originally isolated from coastal North Carolina and maintained for years in the 
collection of J. Waterbury. Trichodesmium erythraeum is the most well-studied and genetically characterized Trichodesmium species, 
is commonly used in laboratory experiments, and represents a common Trichodesmium species found in natural waters. The cultures 
were not axenic but bacterial contamination was minimized by serial transfer into sterile conditions for many generations prior to the 
start of the experiment.  
 
In addition to the laboratory experiments, field populations of Trichodesmium were sampled from the Eastern subtropical Atlantic 
ocean at 65 22.240 degrees W, 17 0.284 degrees N over a 24-hour diel cycle on March 10, 2018. Metagenomic analysis suggested 
that the population was dominated by T. theibautii species. 

Sampling strategy Triplicate experiment vessels containing sterile RMP media were inoculated from the same starting T. erythraeum culture which had 
prior been maintained in the same conditions as in the experiment. There was no pre-determined statistical calculation of sample 
size; triplicates were chosen due to incubator space restrictions. The cultures were provided with gentle mixing,  oxygenation  by 
sterile air, and a 14:10 light/dark cycle including ramped dawn and dusk transitions at 27°C. The cultures were grown for five days to 
low-moderate density before diel sampling commenced. From each replicate, distinct samples (n = 45) were collected onto 0.2 μm 
filters for proteomics (50mL), GFF filters for CHN analysis (10mL) and for acetylene reduction rates (20mL, 1 hour incubation period). 
Care was taken to reduce exposure to light/darkness during the sampling time, depending on the concurrent incubator light 
conditions. This study additionally reports the result of an identical, separate experiment conducted one year prior. 
 
For field samples, colonies of mixed  morphology (puffs and tufts) were collected in biological triplicate by gentle hand-picking from a 
phytoplankton net, rinsed twice in 0.2um sterile filtered trace metal clean seawater, then gently decanted onto a 0.2um supor filter. 
Samples were flash frozen in liquid nitrogen and stored at -80 degrees C until analysis (proteomics and glycogen content). Care was 
taken to reduce exposure to light/darkness during sampling time, depending on the time of day. 

Data collection For each laboratory diel sampling time point, N.A.H. or R.M.K. recorded with pen and paper the exact time at the start and end of the 
sampling procedure and at the end of the acetylene reduction assay incubation period.  
 
For field samples, the time of sampling (start and end of phytoplankton net deployment) was recorded with pen and paper by N.A.H. 
or E.A.W.  and additionally in the ship log book. Hand-picking sampling times were recorded by N.A.H. or M.R.M. with pen and paper. 

Timing and spatial scale For the main laboratory experiment, samples were collected continuously over a 24 hour period beginning at 9am EST on December 
10, 2019 (one hour prior to "sunrise" in the incubator). Sampling occurred every 1-3 hours to ensure high temporal resolution of the 
proteome dataset, with the most concentrated sampling occurring around the dawn and dusk transitions. Note that time of day is 
always reported relative to midnight (5 hours into the dark period) in the incubator.  
 
For field samples, samples were taken from a single location (65 22.240 degrees W, 17 0.284 degrees N) and cover a single 24-hour 
period with sampling occurring every 2-4 hours, similar to the laboratory experiments. 

Data exclusions A sample processing error resulted in poor LC-MS data quality  (few proteins identified) for replicate # 2 at four time points (4:00, 
8:00, 12:00, 15:00), and this data is therefore not included in the analysis. Due to randomization of the sample processing workflows 
this is expected to have minimal effect on the study results. 

Reproducibility The results were replicated three times (main triplicated experiment, singlicate replicate experiment, and field sampling). 
Reproducibility was ensured by triplicate biological replication in the main experiment and is further supported by 1. general and 
expected biological consistency in the diel patterns and 2. similar findings in an identical yet separate experiment conducted one year 
prior to the main experiment and 3. similar findings in diel sampling of a field Trichodesmium population. Downstream analysis can 
be reproduced by accessing the Jupyter Notebook at https://github.com/naheld/Held2020_TrichoDiel. 

Randomization Randomization was not possible due to the time-dependent sampling efforts, however randomization was considered during analysis  
for POC and PON content and proteomics sample processing and analysis to reduce systematic analytical effects. Specifically, 
proteomics samples were handled in one batch for each replicate with randomization of the time points within that replicate. 

Blinding For most analyses blinding was not possible as the samples were associated with a specific sampling time point. However, analyses of  
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Blinding POC and PON including an experimental blank were conducted in a blind manner. The clustering and network analyses  identified 
structural patterns in the proteomic data computationally regardless of sample's other characteristics. 

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions  Field populations of Trichodesmium were sampled from the Eastern subtropical Atlantic ocean at 65 22.240 degrees W, 17 0.284 

degrees N over a 24-hour diel cycle on March 10, 2018 on the AT39-05/Tricolim expedition (R.V. Atlantis, Cheif Scientist D. Hutchins, 
https://www.bco-dmo.org/deployment/765978). The region was characterized by low phosphate concentrations (0.13uM at 100m) 
and high dissolved iron concentration (2.02 nm at 100m) suggesting coastal and/or atmospheric inputs of iron. 

Location  65 22.240 degrees W, 17 0.284 over the entire 24 hour cycle beginning the early morning of March 10, 2018. Trichodesmium 
colonies were sampled from a 130um net size  phytoplankton net which was hand deployed to approximately 20m depth then pulled 
back to the surface five times. 

Access & import/export The field samples were collected in International waters. 

Disturbance There was no disturbance to the natural environment in this sampling effort. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging


	Dynamic diel proteome and daytime nitrogenase activity supports buoyancy in the cyanobacterium Trichodesmium
	Whole proteome dynamics of Trichodesmium erythraeum IMS101 vs Crocosphaera watsonii WH8501
	Nitrogen fixation and photosynthesis occur simultaneously during the photoperiod in Trichodesmium
	Distinct roles for glycogen and nitrogenase in Trichodesmium vs Crocosphaera
	Daytime nitrogen fixation allows Trichodesmium to occupy a high-light niche
	The iron cost of daytime nitrogen fixation
	Implications for the diazocyte hypothesis
	Conclusions
	Methods
	Culture conditions
	Acetylene reduction assay
	Protein digestion and metaproteomic analysis
	Absolute quantitation of the nitrogenase enzyme
	Proteome analysis and glycogen quantitation of field Trichodesmium populations
	Estimation of terminal velocity of phytoplankton particles
	Statistical analyses
	Reporting Summary

	Acknowledgements
	Fig. 1 Dynamics of the Trichodesmium proteome in comparison to Crocosphaera.
	Fig. 2 Nitrogenase concentration and activity over the diel cycle.
	Fig. 3 Temporal dynamics of biomass composition, nitrogen fixation rates, and associated proteins in Trichodesmium.
	Fig. 4 A glycogen synthesis protein emerges as a hub in the Trichodesmium proteome.
	Fig. 5 Buoyancy properties of Trichodesmium and other phytoplankton.
	Fig. 6 Summary of physiological properties and behaviors that are reinforced by daytime nitrogen fixation.
	Extended Data Fig. 1 Total spectral counts and average protein content across the diel cycle.
	Extended Data Fig. 2 Dynamics of the entire proteome of Trichodesmium erythraeum sp.
	Extended Data Fig. 3 Proteome dynamics of separate replicate laboratory experiment over the diel cycle.
	Extended Data Fig. 4 Proteome dynamics of field Trichodesmium population over the diel cycle.
	Extended Data Fig. 5 In vivo specific activity of the nitrogenase NifH protein over the diel cycle for Crocosphaera watsonii.
	Extended Data Fig. 6 POC content versus total protein spectral counts.
	Extended Data Fig. 7 Glycogen content of Trichodesmium populations sampled in situ by depth.
	Extended Data Fig. 8 Glycogen content of Trichodesmium colonies separated by morphology.
	Extended Data Fig. 9 Synchrotron-based element maps used to determine mass of particulate iron associated with a puff-type colony.
	Extended Data Fig. 10 Calibration curves for 15N labeled standard peptides used for absolute quantitation of the nitrogenase proteins.
	Table 1 Calculated benefits and costs of normal daytime nitrogen fixation to Trichodesmium, compared with the hypothetical night nitrogen fixation scenario described in the text.




