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ABSTRACT There is considerable debate about the benefits and trade-offs for colony
formation in a major marine nitrogen fixer, Trichodesmium. To quantitatively analyze the
trade-offs, we developed a metabolic model based on carbon fluxes to compare the perform-
ance of Trichodesmium colonies and free trichomes under different scenarios. Despite reported
reductions in carbon fixation and nitrogen fixation rates for colonies relative to free trichomes,
we found that model colonies can outperform individual cells in several cases. The formation
of colonies can be advantageous when respiration rates account for a high proportion of
the carbon fixation rate. Negative external influence on vital rates, such as mortality due
to predation or micronutrient limitations, can also create a net benefit for colony formation
relative to individual cells. In contrast, free trichomes also outcompete colonies in many
scenarios, such as when respiration rates are equal for both colonies and individual cells
or when there is a net positive external influence on rate processes (i.e., optimal environ-
mental conditions regarding light and temperature or high nutrient availability). For both
colonies and free trichomes, an increase in carbon fixation relative to nitrogen fixation
rates would increase their relative competitiveness. These findings suggest that the
formation of colonies in Trichodesmium might be linked to specific environmental and
ecological circumstances. Our results provide a road map for empirical studies and models
to evaluate the conditions under which colony formation in marine phytoplankton can
be sustained in the natural environment.

IMPORTANCE Trichodesmium is a marine filamentous cyanobacterium that fixes nitrogen
and is an important contributor to the global nitrogen cycle. In the natural environment,
Trichodesmium can exist as individual cells (trichomes) or as colonies (puffs and tufts). In
this paper, we try to answer a longstanding question in marine microbial ecology: how
does colony formation benefit the survival of Trichodesmium? To answer this question, we
developed a carbon flux model that utilizes existing published rates to evaluate whether
and when colony formation can be sustained. Enhanced respiration rates, influential external
factors such as environmental conditions and ecological interactions, and variable
carbon and nitrogen fixation rates can all create scenarios for colony formation to
be a viable strategy. Our results show that colony formation is an ecologically ben-
eficial strategy under specific conditions, enabling Trichodesmium to be a globally significant
organism.

KEYWORDS Trichodesmium, colony formation, marine phytoplankton, nitrogen fixation

richodesmium is a globally significant marine cyanobacterium that is prominent for

its role as a diazotroph and in affecting the marine nitrogen cycle (1, 2). In the natural envi-
ronment, Trichodesmium has a wide global distribution and is found in waters where bioavail-
able nitrogen sources are scarce (3, 4). Although Trichodesmium can account for about half of
the biological nitrogen fixation in some areas (5), recent work has also demonstrated the wide-
spread distribution and abundance of nondiazotrophic species of Trichodesmium (6). The broad
importance of this cyanobacterium has led to decades of research on its ecology, physiology,
and genetics (7).
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FIG 1 (a) Change in total carbon storage (AC,,) for both colonies and free trichomes at the end of a
30-day model simulation with fixed and equal respiration costs. (b) Proportion of simulations where
colonies outcompete free trichomes as 6 is varied. 6 is the ratio of the respiration rate of colonies
and the respiration rate of free trichomes.

Trichodesmium is found both as free trichomes and as colonies in the natural environ-
ment (8, 9). Colonies can appear as puffs or tufts, and sizes can reach up to 2,000 wm.
Although the specific reasons for colony formation are unclear, some have suggested
that colonies allow Trichodesmium to create low-O, environments for nitrogen fixation
(10). Empirical evidence, however, disputes this claim (11) and has shown that nitrogen
fixation in Trichodesmium is lower in colonies than in free trichomes (12). The benefits of
colony formation in Trichodesmium could be related to increased iron and phosphorus
uptake (13-15), the role of microbial interactions (16), or a reduction in grazing (17).
Meanwhile, the trade-offs of colony formation include lower carbon and nitrogen fixa-
tion rates (12) and CO, limitations due to lowered diffusion rates (18).

To quantitatively examine the trade-offs of colony formation, we performed modeling
exercises with a carbon flux model. Quantitative models for Trichodesmium have been
previously used to understand the coexistence of nitrogen fixation and photosynthesis
(19), as well to clarify mechanisms controlling physiological processes (20) and predict
the influence of growth conditions on diazotrophy (21). Conceptually simple, coarse-grained
models often provide insight into ecological constraints and are a crucial link between
experiments and theory (22).

With the model, we aimed to answer the following: (i) when do Trichodesmium colonies
outcompete free trichomes? and (ii) what evolutionary pressures could drive colony forma-
tion in marine phytoplankton? To address these questions, we relied on a stepwise process
that utilized published carbon fixation and nitrogen fixation rates for both colonies and
free trichomes (12). We added various types of respiratory costs, an interaction term that
can broadly represent effects such as grazing and mutualism, as well as alternative ratios
of carbon and nitrogen fixation rates, to find scenarios where colonies outcompete trichomes
in model simulations.

RESULTS

We found that when respiration costs for both colonies and free trichomes are fixed
and equal, the difference in carbon and nitrogen fixation rates favors free trichome formation
(Fig. 1a). All simulations of our model result in free trichomes with better outcomes than colo-
nies. As the respiration cost of the cell increases, the amount of C stored in the cells decreases.
At the end of 30 days, respiration rates above 0.009 mol C h=" mol C~" lead to a net loss in
C storage for colonies, whereas rates above 0.0135 mol C h=" mol C~" lead to a net loss in
C storage for free trichomes. When respiration rates for free trichomes are fixed but those
for colonies are allowed to vary proportionately, the ability of colonies to outcompete free
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FIG 2 Change in total carbon storage for both colonies and free trichomes at the end of a 30-day
model simulation with respiration costs scaled to a proportion of the total carbon fixation rate (0.015
mol C h™" mol C' for free trichomes and 0.010 mol C h™" mol C™" for colonies).

trichomes decreases as the respiration rates approach parity. Colony respiration rates should
be lower than ~77% of the respiration rates of free trichomes to have any chance of success
at the end of a 30-day simulation. This limit also represents the maximum possible success
rate of colonies. In essence, it is dependent on the number of simulated opportunities for
colonies to outcompete free trichomes. For models run with a higher limit of respiration
rate (i.e,, more simulations), the maximum possible success rate of colonies proportionately
increases (see Fig. S1 in the supplemental material).

In the case where respiration rates are tied to the carbon fixation rates, higher respiration
rates lead to better outcomes for colonies (Fig. 2). For rates that are greater than 88.8% of
the carbon fixed in cells, colonies outperform free trichomes at the end of 30 days. There is
a net loss for carbon storage for both colonies and free trichomes under high metabolic
costs. Colonies can sustain losses of up to 93.6% of their carbon fixation rate and still
maintain biomass, whereas free trichomes can only sustain losses of up to 92% of their carbon
fixation rate.

We introduced a general parameter, iy, that simulated the cumulative effects of external
influence on the carbon and nitrogen fixation rates for Trichodesmium. In model simulations
run with this additional parameter, free trichomes tend to outperform colonies when condi-
tions allow for higher carbon and nitrogen fixation rates. Under scenarios where there would
be no metabolic costs, the performance of colonies can never match that of the free tri-
chomes (Fig. 3a). In more realistic scenarios where metabolic costs are scaled to the carbon
fixation rates, the curve for colony performance moves upwards and increases the relative
ability of colonies to outcompete free trichomes at the end of a 30-day simulation (Fig. 3b
to d). When metabolic demands are relatively equal in magnitude (Fig. 2; 90% of their re-
spective carbon fixation rate), we found that positive interactions favor free trichomes
whereas negative interactions favor colony formation (Fig. 3d). The combination of high
metabolic demand and negative external influence tends to result in a deficit for carbon
storage for both colonies and free trichomes.

In the scenario where external influence, i, affects the total biomass but not the metabolic
rates, free trichomes outperform colonies when respiration rates account for up to 60% of the
carbon fixation rate (Fig. 4). This competitive advantage exists for both positive and negative
interactions. Only in the case where respiration is 90% of the carbon fixation rate do colonies
outcompete free trichomes. Colonies perform better with both positive and negative external
influence on total biomass when respiration rates are relatively high.

We also created a parameter, 7, that was the ratio of C fixation rates to N fixation rates.
For this scenario, different relative ratios of 7 were used to test whether colonies outperform
free trichomes in the absence of any external factors. Colony performance decreases exponen-
tially as the relative ratio of C and N fixation increases (Fig. 5). When evaluated for all possibil-
ities of metabolic costs, the performance of colonies does not exceed ~42% of simulations,
despite low values of 7 ;chome/ Teolony- Assuming that metabolic costs are high, colonies could
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FIG 3 Role of external influence on metabolic rates (defined as interaction strength [i,]; equation 5)
on carbon and nitrogen fixation rates. Each panel shows the change in total carbon storage for both colonies
and free trichomes at the end of a 30-day model simulation with no metabolic costs (a), 30% of the C
fixation consumed (b), 60% of the C fixation consumed (c), and 90% of the C fixation consumed (d).

theoretically improve their chances by adopting one of two strategies: increasing C fixation
rates (7 .yony1) OF decreasing N fixation rates (7.yon,T). Alternatively, colony performance is
also better when trichomes decrease C fixation rates (7y;nomel) OF increase N fixation rates
(Twichomed)- FOr €ach of these responses, there is a maximum limit beyond which colonies
always get outcompeted by free trichomes. Values of 7ycnome/Tcolony CANNOL exceed 1.5 for
any possibility that the colonies outcompete free trichomes. The values of 7 from empirical
C fixation and N fixation rates placed the relative ratio at 0.8, where our model suggests
that colonies would succeed against free trichomes up to ~14% of the time.
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FIG 4 Role of external influence on total biomass (defined as interaction strength [i]; equation 7) in
carbon and nitrogen fixation rates. Each line shows the log,, difference in total carbon storage (mol C
mol C™") for both colonies and free trichomes at the end of a 30-day model simulation. Models were run
with no metabolic costs (red), 30% of the C fixation consumed (orange), 60% of the C fixation consumed
(gold), or 90% of the C fixation consumed (sky blue).
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FIG 5 Effect of variable C and N fixation ratios (7) on colony success under all possible respiration rates.
Black circles are the proportion of simulations where the carbon storage of colonies was greater than that
of free trichomes for a specific combination of 7y, and 7iome- The blue line was calculated from the
reported rates (12). All possible combinations for 7 ome and 7, were tested with respiration costs from
0% to 100% of the C fixation.

colony

DISCUSSION

Respiration rates. On average, Trichodesmium colonies have lower carbon and nitrogen
fixation rates than free trichomes (12). With all else being equal, this implies that Trichodesmium
colonies are always outcompeted by free trichomes. Figure 1a highlights this possibility for a
range of fixed respiration rates. Respiration rates of >0.009 mol C h~—! mol C~" lead to a net
loss in carbon storage for colonies over a period of 30 days, and similarly, rates of >00.0135
mol C h~" mol C~" lead to a net loss of carbon for free trichomes. This means that colonies hit
net negative in total carbon storage before free trichomes. In such cases where respiration rates
are invariant, Trichodesmium colonies can only outcompete free trichomes in some circumstan-
ces: respiration rates of colonies must be significantly lower than that of free trichomes.

As respiration rates in phytoplankton can vary with time and space (23, 24), both
Trichodesmium colonies and free trichomes can have different respiration rates driven by
physiological or ecological factors. The respiration rate is likely to be affected by the level
of oxygen management because respiratory protection (extra respiration to decrease intra-
cellular oxygen) has been predicted to account for a large part of carbon loss (19, 25).
Regardless of the contributing factor, we attempted to quantify the decrease needed for
colonies to compete with free trichomes. In the absence of other variables that might influence
carbon fluxes, respiration rates in colonies must be a fraction of the rates in free trichomes.
Interestingly, higher possible respiration rates for Trichodesmium increase the maximum limit of
colonies to metabolically compete with free trichomes. Our model, although coarse in resolu-
tion, suggests that Trichodesmium colonies have better opportunities under conditions that
maximize carbon loss, regardless of the mechanism involved.

We also chose to test the scenario where metabolic costs were relative to the carbon fix-
ation rate of both colonies and free trichomes. In this scenario, both Trichodesmium colonies
and free trichomes can modulate their respiration rates based on the available carbon that
is fixed. Colonies performed better than free trichomes for respiration rates that are greater
than 88.8% of carbon fixation rates (Fig. 2). Colony formation might be a successful strategy
when environmental or ecological circumstances lead to high metabolic costs. In marine
phytoplankton, respiration becomes an increasingly higher proportion of carbon fixation as
temperatures are increased (26). When respiration costs change proportionately with carbon
fixation rates, colony formation in Trichodesmium might be a mechanism of reducing net
carbon loss over longer periods of time. This would be because lower carbon fixation rates
also lead to lower respiration rates, which minimize the loss of stored carbon (Fig. 2). Our
results suggest that colony formation might have evolved in environments that are prone to
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periods of high metabolic stress. In such situations, lowering carbon fixation rates, and by asso-
ciation, respiration rates, would allow Trichodesmium colonies to persist for longer than free
trichomes.

External drivers. Colony formation in marine phytoplankton can be subject to various
environmental and ecological drivers, such as temperature constraints, turbulence, preda-
tor cues, or nutrient availability (27-29). Colony adaptations can often be species-specific,
with additive effects when phytoplankton are exposed to more than one environmental
change (30). We added a parameter to our model to test the influence of external drivers
on colony performance in Trichodesmium. By incorporating a general “interaction” term,
our goal was to quantify the rates at which an increase or decrease in net carbon and nitro-
gen fixation could potentially provide advantages in forming colonies over free trichomes.

In general, we found that a large negative effect on carbon and nitrogen fixation tends to
favor colonies (Fig. 3). Negative influence on carbon and nitrogen fixation rates can stand for
environmental stress or micronutrient limitations. Similar to the case with varying respiration
rates, the lower starting carbon and nitrogen fixation rates of colonies allow for colonies to
outperform free trichomes by the end of model simulations. Cultures of Trichodesmium typ-
ically produce colonies after the exponential growth phase and under nutrient limitations
(31, 32). By lowering their investment in carbon and nitrogen fixation rates, colonies could
be employing a trade-off that increases their survival under some conditions at the cost of
slower growth.

Conversely, conditions that would lead to an increase in carbon and nitrogen fixation
rates appear to favor free trichomes (Fig. 3; i, > 0). A positive interaction strength could
stand for the ready availability of nutrients or optimal light and temperature conditions.
Such conditions could allow for quicker increases in biomass for free trichomes relative to
colonies. Interestingly, the relative advantage of free trichomes is significantly reduced in
simulations where respiration rates are high relative to the carbon fixation rates (Fig. 3d).
In this scenario, the increase in carbon fixation rate is muted by a similar, proportionate
increase in metabolic costs. This means that if free trichomes were to dominate in an envi-
ronment, any increases in carbon and nitrogen fixation would have to happen with mini-
mal metabolic costs of enacting those increases. For example, an increase in nitrogen fixa-
tion rates due to ocean warming (33) might not alter the relative success of free trichomes,
as thermal compensation would also increase the metabolic costs of the cells (26). On the
other hand, elevated CO, concentrations have also been shown to increase nitrogen fixation
rates in Trichodesmium (34), and it is possible that such increases benefit the formation of
free trichomes over colonies. Earth system models would need to resolve potential changes
in Trichodesmium trichome and colony abundance (and, by association, bulk C fixation and
N fixation) to reduce uncertainty and improve predictions (35-37).

Trichodesmium has an associated epibiont of microbes that significantly extends its
metabolic potential (38). Some studies have shown that Trichodesmium colonies can
interact with bacteria to preferentially acquire iron and phosphorus from dust particles
(39, 40). As there exists significant diversity in the Trichodesmium epibiont (41), there
might be cases where different epibiont communities in colonies and free trichomes
lead to mixed responses to the same environmental change.

In model simulations in which external influence directly affects the total carbon stored (i)
and not the metabolic rates, our models still showed free trichomes outperforming colonies in
all cases in which respiration rates are comparatively low (Fig. 4). For high respiration rates
(90% of C fixation), colonies outperformed free trichomes in all cases, regardless of the direc-
tion of influence. As environmental influence in the natural environment can be a chaotic and
dynamic process, there probably exist environmental drivers that affect both metabolic rates
and total carbon. Our results suggest that even under cases of high carbon loss due to mor-
tality, respiration rates are a larger factor contributing to the success of colony formation in
Trichodesmium.

Colony formation in marine phytoplankton provides benefit against grazers (42), and it is
possible that Trichodesmium colony formation can reduce the rates of predation by particu-
lar classes of zooplankton, possibly due to biotoxin accumulation (43, 44). The reduction of
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grazing could boost colony success against free trichomes, but such a reduction should
compensate for the lowered C fixation and N fixation rates. Future experimental studies
could test this hypothesis by measuring the growth rates of Trichodesmium trichomes and
colonies in the presence and absence of predator cues.

Relative metabolic rates. Phytoplankton can change their rates of carbon and nitro-
gen fixation, and global change stressors, such as changes in temperature or nutrient avail-
ability, are expected to alter these rates (45). Trichodesmium has been shown to alter its
metabolic rates in response to various stressors: high light (46), elevated carbon dioxide
concentrations (34), and anthropogenic nutrient pollution (47). C and N fixation rates in
Trichodesmium can also vary over the course of a single day (48). We tested the effects of
different C and N fixation ratios (7) on the competitiveness of colonies and free tri-
chomes to broadly evaluate their performance in a dynamic environment.

Colony formation reduces the ability of the aggregate to fix nitrogen more than it
reduces their ability to fix carbon (12). This means that colonies have higher 7 ratios than free tri-
chomes, and a further increase would continue to benefit colonies in their competitiveness
against free trichomes. In contrast, circumstances that increase the 7 of free trichomes exponen-
tially decrease colony success (Fig. 5, moving right on the x axis). Interestingly, if the 7 of free tri-
chomes reaches 1.5 times the 7 of colonies, colonies get outcompeted, given that everything
else is unchanged. However, other physiological, ecological, or environmental benefits of colony
formation could be oriented toward escaping competitive exclusion from free trichomes.

Conclusions. Colony formation in marine phytoplankton can be subject to various
ecological and environmental pressures. Because Trichodesmium can persist as both colonies
and free trichomes, identifying the trade-offs of colony formation is imperative in understand-
ing the ecological role of Trichodesmium in a changing world. We simulated multiple scenarios
of metabolic demand, external influence, and relative carbon and nitrogen fixation rates to
compare the performance of colonies and free trichomes in a model system.

In the case where respiration rates are equal and unchanging, colonies always get
outcompeted by free trichomes. When respiration rates are unequal and variable, colonies
should necessarily have only a fraction of the metabolic costs of free trichomes to stand a
chance of competing. If respiration rates are proportional to carbon fixation rates, colonies per-
form better and outcompete free trichomes when costs exceed 88.8% of the carbon fixed in
the cell. Negative external influence on metabolic rates, such as micronutrient limitations, allows
colonies to perform better than free trichomes, whereas positive external influence, such as
mutualistic interactions or optimal environmental conditions, would benefit free trichomes
more than colonies. For both colonies and free trichomes, increasing 7 would increase their
competitiveness in the environment; however, if the 7 of free trichomes is greater than 1.5 times
the 7 of colonies, there are no scenarios where colonies can compete with free trichomes.

Despite lower carbon and nitrogen fixation rates, Trichodesmium colonies can out-
perform free trichomes under many circumstances. Our results lay out a framework and
many testable hypotheses that could motivate further study into the ecological and environ-
mental drivers of colony formation in marine phytoplankton. As global environmental
change is expected to alter the marine environment, changes in the ability of phytoplankton
taxa to form and subsist as colonies could have globally significant ecological and biogeo-
chemical effects.

MATERIALS AND METHODS

We developed a model to test how differences in carbon fixation and nitrogen fixation rates affected
the overall performance of Trichodesmium colonies and free trichomes. The model evaluated total car-
bon stored after gains due to carbon and nitrogen assimilation and losses due to respiration. In the gen-
eral case, the model equation was simply a function of net carbon flux through time.

dCq -~
d:o = Fefix = Fafix Y(J'NRN:C = Fres (1)

where C, is the biomass C normalized carbon storage (mol N h~' mol N™"), F, is the carbon fixation rate (mol
Ch™"mol C™"), F4, is the nitrogen fixation rate (moles N per hour per mole N), YN is the nitrogen-to-carbon con-
version for N fixation (mol C mol N™), R is the cellular ratio of N to C for Trichodesmium (mol N mol C™"), and

F ., is the respiration rate (mol Ch~" mol C™").
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TABLE 1 Reported values of metabolic rates for Trichodesmium (12)

Organism form C fixation rate (mol Ch~"mol C™") N fixation rate (molN h=" mol N~—")
Free trichomes 0.015 0.0075
Colonies 0.010 0.004

We assumed that the system starts with 100 mol C for both colonies and free trichomes and that Ry
is 0.159 (49). The C cost of N fixation was based on the balance of electron requirements and the electron sup-
ply of a typical carbohydrate (e.g., glucose) (50). Consequently, we used a YN value of 1 (51, 52). We ran the
model for 30 days with hourly time steps. At the end of 30 days, we checked to see what the net change in
C,;, Was. Here, we wanted to know if the colonies had net greater carbon storage at the end of 30 days. For
every model run with a unique set of parameters, we defined “colony success” as the proportion of simulations
where C,, was higher for colonies than for free trichomes at the end of 30 days.

Fixed and equal respiration rates. In the simplest case, we used reported carbon fixation and nitro-
gen fixation rates (12) to check the relative performance of colonies and free trichomes. We assumed that F,
was the same for both and did not vary with time. Table 1 indicates the rates used for this scenario. F,., was set
to range from 0 to 0.02 mol C h™" mol C~" with increments of 0.0005 mol Ch™" mol C™".

Fixed and unequal respiration rates. For the second case, we tested the relative performance of
colonies and free trichomes if colonies had only a fraction of the respiration rate of free trichomes. Five hun-
dred respiration rates for free trichomes were selected from a uniform distribution with limits of 0 and 0.02
mol C h™" mol C~'. We then introduced a parameter, 6, that controls the effective respiration rate of colonies.
0 represents the relationship between the F,, of colonies and the F,. of free trichomes (equation 2). This ratio
was varied between 0.01 and 1 with increments of 0.01.

0= Fres_colonies )

Fres_trichomes

Outcomes were reported as the percentage of simulations that allowed for colony success (greater
net carbon storage) at the end of 30 days for any specific 6.

Respiration rates vary with carbon fixation. As respiration rates can vary for populations, we cre-
ated a parameter called the respiration coefficient (r,) that determines how much energy is consumed
to maintain the metabolism. We assumed that

Fres = rp X Fefix (3)

Here, the respiration rate of colonies and free trichomes is a fraction of the carbon fixation rate. We varied the
costs of respiration from 0.1% to 100% of the total carbon fixation rate for both colonies and free trichomes.
Simulating the role of external influence on metabolic rates. Natural phytoplankton populations
are subject to ecological and environmental pressures that can affect their rates of carbon and nitrogen
fixation. We introduced an additional parameter (F,,) to the model. F,,, represents the term for external
influence on metabolic rates. We set F,, proportionally to the carbon fixation and nitrogen fixation rates.
The proportion is represented by i,. The general term for external influence (F,,)), in essence, is meant as
a multiplier of the existing carbon and nitrogen fixation rates. Theoretically, this means that interactions
either remove some biomass or allow for the creation of additional biomass. Positive values of F, . indi-
cate that the net outcome of all ecological and environmental effects led to an increase in metabolic
rates, whereas negative values of F, indicate that the net outcome of all ecological and environmental

effects led to a decrease in metabolic rates.

dc. :
5 = Fetx = Fa YRy = Fres + Fig @

Fine = ip (Fetix — Fasix YN Ryic) (5)

We simulated i, to range from —200% to 200% of the combined carbon fixation and nitrogen fixation rates
for both colonies and free trichomes. Carbon and nitrogen fixation rates for this scenario were the same as
reported in Table 1.

Simulating the role of external influence on total biomass. To account for the cases where exter-
nal influence affects the total carbon stored (i.e., population size or biomass) instead of the metabolic rates, we
set F,,, to add or remove carbon from the storage pool. i, was set to range from —0.002 to 0.002 h~".

dcC, :
d;m = Fefix = Fafix YC'NRN:C — Fres + Fin (6)

Fint =it X Cyo (7)

Changing relative metabolic rates. We tested the sensitivity of colony performance to the reported
rates in Table 1. For both colonies and free trichomes, we held the carbon fixation rate constant and modulated
the nitrogen fixation rate to vary based on a ratio (7). 7 ranged from 1 to 5, signifying environments where nitro-
gen fixation rates could match rates of carbon fixation, as well as environments where nitrogen fixation was
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significantly reduced relative to carbon fixation rates. This scenario was simulated in the absence of external influ-
ence on either the metabolic rates or the total carbon stored.

F cfix
Fuix

=7 (8)

A higher 7 implies that relative N fixation rates are lower, whereas a 7 of 1 implies that N fixation rates are
equal to C fixation rates. We performed this analysis for all cases of respiration rates, ranging from 0% to 100% of
the carbon fixation rate. Outcomes were reported as a percentage of simulations that allowed for colony success
(greater net carbon storage) at the end of 30 days. For the reported rates in Table 1, 7 is 2 for free trichomes and

Microbiology Spectrum

2.5 for colonies.
Software. All the analyses were conducted in R version 4.1.2 (53). The “tidyverse” (54) and “cowplot”
(55) packages were used.
Code availability statement. The code required for the analysis is available at https://github.com/
vitul-agarwal-1/trichodesmium-colony-formation (https://www.doi.org/10.5281/zenodo.6558209).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
This study was supported by the US National Science Foundation (OCE-2048373,
subaward SUB0000525 from Princeton University to K.I.) and Rhode Island Science and
Technology Advisory Council (AWD10732 to K.l.). We thank these foundations for their
support.
All authors helped prepare the manuscript and approved the final version.

We declare no competing interests.

REFERENCES

1.

2.

Zehr JP. 2011. Nitrogen fixation by marine cyanobacteria. Trends Microbiol 19:
162-173. https://doi.org/10.1016/}.tim.2010.12.004.

Capone DG, Zehr JP, Paerl HW, Bergman B, Carpenter EJ. 1997. Trichodes-
mium, a globally significant marine cyanobacterium. Science 276:1221-1229.
https://doi.org/10.1126/science.276.5316.1221.

. Westberry TK, Siegel DA. 2006. Spatial and temporal distribution of Tri-

chodesmium blooms in the world’s oceans. Global Biogeochem Cycles
20:GB4016.

. Subramaniam A, Brown CW, Hood RR, Carpenter EJ, Capone DG. 2001. Detect-

ing Trichodesmium blooms in SeaWiFS imagery. Deep Res Part Il Top Stud
Oceanogr 49:107-121. https://doi.org/10.1016/50967-0645(01)00096-0.

. Dore JE, Brum JR, Tupas LM, Karl DM. 2002. Seasonal and interannual vari-

ability in sources of nitrogen supporting export in the oligotrophic sub-
tropical North Pacific Ocean. Limnol Oceanogr 47:1595-1607. https://doi
.0rg/10.4319/10.2002.47.6.1595.

. Delmont TO. 2021. Discovery of nondiazotrophic Trichodesmium species

abundant and widespread in the open ocean. Proc Natl Acad Sci U S A 118:
€2112355118. https://doi.org/10.1073/pnas.2112355118.

. Zehr JP, Capone DG. 2020. Changing perspectives in marine nitrogen fixa-

tion. Science 368:eaay9514. https://doi.org/10.1126/science.aay9514.

. Pierella Karlusich JJ, Pelletier E, Lombard F, Carsique M, Dvorak E, Colin S,

Picheral M, Cornejo-Castillo FM, Acinas SG, Pepperkok R, Karsenti E, de
Vargas C, Wincker P, Bowler C, Foster RA. 2021. Global distribution pat-
terns of marine nitrogen-fixers by imaging and molecular methods. Nat
Commun 12:4160. https://doi.org/10.1038/541467-021-24299-y.

. Gonzalez Taboada F, Gonzélez Gil R, Hofer J, Gonzélez S, Anadén R. 2010.

Trichodesmium spp. population structure in the eastern North Atlantic
subtropical gyre. Deep Res Part | Oceanogr Res Pap 57:65-77. https://doi
.org/10.1016/j.dsr.2009.09.005.

. Paerl HW, Bebout BM. 1988. Direct measurement of O,-depleted micro-

zones in marine Oscillatoria: relation to N, fixation. Science 241:442-445.
https://doi.org/10.1126/science.241.4864.442.

. Eichner MJ, Klawonn |, Wilson ST, Littmann S, Whitehouse MJ, Church MJ,

Kuypers MMM, Karl DM, Ploug H. 2017. Chemical microenvironments and
single-cell carbon and nitrogen uptake in field-collected colonies of Tri-
chodesmium under different pCO2. ISME J 11:1305-1317. https://doi.org/
10.1038/ismej.2017.15.

November/December 2022 Volume 10 Issue 6

12.

20.

21.

22.

23.

Eichner M, Thoms S, Rost B, Mohr W, Ahmerkamp S, Ploug H, Kuypers
MMM, de Beer D. 2019. N, fixation in free-floating filaments of Trichodes-
mium is higher than in transiently suboxic colony microenvironments.
New Phytol 222:852-863. https://doi.org/10.1111/nph.15621.

. Rubin M, Berman-Frank |, Shaked Y. 2011. Dust- and mineral-iron utilization by

the marine dinitrogen-fixer Trichodesmium. Nature Geosci 4:529-534. https://
doi.org/10.1038/ngeo1181.

. Tzubari Y, Magnezi L, Be'er A, Berman-Frank I. 2018. Iron and phosphorus depri-

vation induce sociality in the marine bloom-forming cyanobacterium Trichodes-
mium. ISME J 12:1682-1693. https://doi.org/10.1038/s41396-018-0073-5.

. Kessler N, Armoza-Zvuloni R, Wang S, Basu S, Weber PK, Stuart RK, Shaked

Y. 2020. Selective collection of iron-rich dust particles by natural Trichodes-
mium colonies. ISME J 14:91-103. https://doi.org/10.1038/541396-019-0505-x.

. Lee MD, Walworth NG, McParland EL, Fu FX, Mincer TJ, Levine NM, Hutchins

DA, Webb EA. 2017. The Trichodesmium consortium: conserved heterotrophic
co-occurrence and genomic signatures of potential interactions. ISME J 11:
1813-1824. https://doi.org/10.1038/ismej.2017.49.

. Stal LJ. 2017. Gregarious cyanobacteria. Environ Microbiol 19:2105-2109.

https://doi.org/10.1111/1462-2920.13739.

. Tchernov D, Lipschultz F. 2008. Carbon isotopic composition of Tricho-

desmium spp. colonies off Bermuda: effects of colony mass and season. J
Plankton Res 30:21-31. https://doi.org/10.1093/plankt/fom085.

. Inomura K, Wilson ST, Deutsch C. 2019. Mechanistic model for the coexis-

tence of nitrogen fixation and photosynthesis in marine Trichodesmium.
mSystems 4:e00210-19. https://doi.org/10.1128/mSystems.00210-19.
Rabouille S, Staal M, Stal LJ, Soetaert K. 2006. Modeling the dynamic regulation
of nitrogen fixation in the cyanobacterium Trichodesmium sp. Appl Environ
Microbiol 72:3217-3227. https://doi.org/10.1128/AEM.72.5.3217-3227.2006.
Pahlow M, Dietze H, Oschlies A. 2013. Optimality-based model of phyto-
plankton growth and diazotrophy. Mar Ecol Prog Ser 489:1-16. https://doi
.0rg/10.3354/meps10449.

Inomura K, Deutsch C, Masuda T, Prasil O, Follows MJ. 2020. Quantitative
models of nitrogen-fixing organisms. Comput Struct Biotechnol J 18:
3905-3924. https://doi.org/10.1016/j.csbj.2020.11.022.

Mantikci M, Staehr PA, Hansen JLS, Markager S. 2020. Patterns of dark res-
piration in aquatic systems. Mar Freshw Res 71:432-442. https://doi.org/
10.1071/MF18221.

10.1128/spectrum.02025-22 9

Downloaded from https://journal s.asm.org/journal/spectrum on 17 September 2023 by 131.128.76.34.


https://github.com/vitul-agarwal-1/trichodesmium-colony-formation
https://github.com/vitul-agarwal-1/trichodesmium-colony-formation
https://www.doi.org/10.5281/zenodo.6558209
https://doi.org/10.1016/j.tim.2010.12.004
https://doi.org/10.1126/science.276.5316.1221
https://doi.org/10.1016/S0967-0645(01)00096-0
https://doi.org/10.4319/lo.2002.47.6.1595
https://doi.org/10.4319/lo.2002.47.6.1595
https://doi.org/10.1073/pnas.2112355118
https://doi.org/10.1126/science.aay9514
https://doi.org/10.1038/s41467-021-24299-y
https://doi.org/10.1016/j.dsr.2009.09.005
https://doi.org/10.1016/j.dsr.2009.09.005
https://doi.org/10.1126/science.241.4864.442
https://doi.org/10.1038/ismej.2017.15
https://doi.org/10.1038/ismej.2017.15
https://doi.org/10.1111/nph.15621
https://doi.org/10.1038/ngeo1181
https://doi.org/10.1038/ngeo1181
https://doi.org/10.1038/s41396-018-0073-5
https://doi.org/10.1038/s41396-019-0505-x
https://doi.org/10.1038/ismej.2017.49
https://doi.org/10.1111/1462-2920.13739
https://doi.org/10.1093/plankt/fbm085
https://doi.org/10.1128/mSystems.00210-19
https://doi.org/10.1128/AEM.72.5.3217-3227.2006
https://doi.org/10.3354/meps10449
https://doi.org/10.3354/meps10449
https://doi.org/10.1016/j.csbj.2020.11.022
https://doi.org/10.1071/MF18221
https://doi.org/10.1071/MF18221
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02025-22

Trade-Offs in Trichodesmium

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

Robinson C. 2019. Microbial respiration, the engine of ocean deoxygena-
tion. Front Mar Sci 5:533. https://doi.org/10.3389/fmars.2018.00533.

Luo W, Inomura K, Zhang H, Luo Y-W. 2022. N, fixation in Trichodesmium
does not require spatial segregation from photosynthesis. mSystems 7:
€00538-22. https://doi.org/10.1128/msystems.00538-22.

Barton S, Jenkins J, Buckling A, Schaum CE, Smimoff N, Raven JA, Yvon-Durocher
G. 2020. Evolutionary temperature compensation of carbon fixation in marine
phytoplankton. Ecol Lett 23:722-733. https://doi.org/10.1111/ele.13469.

Kenitz KM, Orenstein EC, Roberts PLD, Franks PJS, Jaffe JS, Carter ML, Barton
AD. 2020. Environmental drivers of population variability in colony-forming
marine diatoms. Limnol Oceanogr 65:2515-2528. https://doi.org/10.1002/Ino
.11468.

Dell'aquila G, Ferrante MI, Gherardi M, Cosentino Lagomarsino M, Ribera
D’Alcala M, ludicone D, Amato A. 2017. Nutrient consumption and chain
tuning in diatoms exposed to storm-like turbulence. Sci Rep 7:1828. https://
doi.org/10.1038/541598-017-02084-6.

Rigby K, Selander E. 2021. Predatory cues drive colony size reduction in marine
diatoms. Ecol Evol 11:11020-11027. https://doi.org/10.1002/ece3.7890.

Rigby K, Kinnby A, Grenning J, Ryderheim F, Cervin G, Berdan EL, Selander
E. 2022. Species specific responses to grazer cues and acidification in phy-
toplankton—winners and losers in a changing world. Front Mar Sci 9:
875858. https://doi.org/10.3389/fmars.2022.875858.

Chen YB, Zehr JP, Mellon M. 1996. Growth and nitrogen fixation of the
diazotrophic filamentous nonheterocystous cyanobacterium Trichodes-
mium sp. IMS 101 in defined media: evidence for a circadian rhythm. J
Phycol 32:916-923. https://doi.org/10.1111/j.0022-3646.1996.00916.x.
Bell PRF, Uwins PJR, Elmetri |, Phillips JA, Fu FX, Yago AJE. 2005. Labora-
tory culture studies of Trichodesmium isolated from the Great Barrier
Reef Lagoon, Australia. Hydrobiologia 532:9-21. https://doi.org/10.1007/
$10750-004-8768-1.

Jiang HB, Fu FX, Rivero-Calle S, Levine NM, Saiiudo-Wilhelmy SA, Qu PP,
Wang XW, Pinedo-Gonzalez P, Zhu Z, Hutchins DA. 2018. Ocean warming
alleviates iron limitation of marine nitrogen fixation. Nat Clim Chang 8:
709-712. https://doi.org/10.1038/s41558-018-0216-8.

Hutchins DA, Fu FX, Webb EA, Walworth N, Tagliabue A. 2013. Taxon-spe-
cific response of marine nitrogen fixers to elevated carbon dioxide con-
centrations. Nat Geosci 6:790-795. https://doi.org/10.1038/ngeo1858.
Wrightson L, Tagliabue A. 2020. Quantifying the impact of climate change
on marine diazotrophy: insights from earth system models. Front Mar Sci
7:635. https://doi.org/10.3389/fmars.2020.00635.

Tang W, Li Z, Cassar N. 2019. Machine learning estimates of global marine
nitrogen fixation. J Geophys Res Biogeosci 124:717-730. https://doi.org/
10.1029/2018JG004828.

Riche OGJ, Christian JR. 2018. Ocean dinitrogen fixation and its potential
effects on ocean primary production in Earth system model simulations
of anthropogenic warming. Elementa 6:16.

Frischkorn KR, Rouco M, Van Mooy BAS, Dyhrman ST. 2017. Epibionts
dominate metabolic functional potential of Trichodesmium colonies from the
oligotrophic ocean. ISME J 11:2090-2101. https://doi.org/10.1038/ismej.2017.74.
Basu S, Gledhill M, de Beer D, Prabhu Matondkar SG, Shaked Y. 2019. Col-
onies of marine cyanobacteria Trichodesmium interact with associated
bacteria to acquire iron from dust. Commun Biol 2:284. https://doi.org/10
.1038/542003-019-0534-z.

Wang S, Koedooder C, Zhang F, Kessler N, Eichner M, Shi D, Shaked Y.
2022. Colonies of the marine cyanobacterium Trichodesmium optimize

November/December 2022 Volume 10 Issue 6

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Microbiology Spectrum

dust utilization by selective collection and retention of nutrient-rich par-
ticles. iScience 25:103587. https://doi.org/10.1016/j.is¢i.2021.103587.
Rouco M, Haley ST, Dyhrman ST. 2016. Microbial diversity within the Tri-
chodesmium holobiont. Environ Microbiol 18:5151-5160. https://doi.org/
10.1111/1462-2920.13513.

Ryderheim F, Hansen PJ, Kigrboe T. 2022. Predator field and colony morphol-
ogy determine the defensive benefit of colony formation in marine phyto-
plankton. Front Mar Sci 9:829419. https://doi.org/10.3389/fmars.2022.829419.
Guo C, Tester PA. 1994. Toxic effect of the bloom-forming Trichodesmium
sp. (cyanophyta) to the copepod Acartia tonsa. Nat Toxins 2:222-227.
https://doi.org/10.1002/nt.2620020411.

Narayana S, Chitra J, Tapase SR, Thamke V, Karthick P, Ramesh C, Murthy
KN, Ramasamy M, Kodam KM, Mohanraju R. 2014. Toxicity studies of Tri-
chodesmium erythraeum (Ehrenberg, 1830) bloom extracts, from Phoe-
nix Bay, Port Blair, Andamans. Harmful Algae 40:34-39. https://doi.org/10
.1016/j.hal.2014.10.003.

van de Waal DB, Litchman E. 2020. Multiple global change stressor effects
on phytoplankton nutrient acquisition in a future ocean. Philos Trans R Soc
Lond B Biol Sci 375:20190706. https://doi.org/10.1098/rstb.2019.0706.

Kranz SA, Levitan O, Richter KU, Prasil O, Berman-Frank |, Rost B. 2010.
Combined effects of CO2 and light on the N2-fixing cyanobacterium Tricho-
desmium IMS101: physiological responses. Plant Physiol 154:334-345. https://
doi.org/10.1104/pp.110.159145.

Rahav E, Bar-Zeev E. 2017. Sewage outburst triggers Trichodesmium
bloom and enhance [sic] N2 fixation rates. Sci Rep 7:4367. https://doi.org/
10.1038/541598-017-04622-8.

Finzi-Hart JA, Pett-Ridge J, Weber PK, Popa R, Fallon SJ, Gunderson T,
Hutcheon ID, Nealson KH, Capone DG. 2009. Fixation and fate of C and N
in the cyanobacterium Trichodesmium using nanometer-scale secondary
ion mass spectrometry. Proc Natl Acad Sci U S A 106:6345-6350. https://
doi.org/10.1073/pnas.0810547106.

LaRoche J, Breitbarth E. 2005. Importance of the diazotrophs as a source
of new nitrogen in the ocean. J Sea Res 53:67-91. https://doi.org/10.1016/j
.seares.2004.05.005.

Rittmann BE, McCarty PL. 2001. Environmental biotechnology: principles
and applications, p 126-164. McGraw-Hill, New York, NY.

Inomura K, Bragg J, Follows MJ. 2017. A quantitative analysis of the direct
and indirect costs of nitrogen fixation: a model based on Azotobacter
vinelandii. ISME J 11:166-175. https://doi.org/10.1038/ismej.2016.97.
Inomura K, Deutsch C, Wilson ST, Masuda T, Lawrenz E, Bucinska L,
Sobotka R, Gauglitz JM, Saito MA, Prasil O, Follows MJ. 2019. Quantifying
oxygen management and temperature and light dependencies of nitro-
gen fixation by Crocosphaera watsonii. mSphere 4:e00531-19. https://doi
.org/10.1128/mSphere.00531-19.

R Core Team. 2021. R: a language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria.

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Francois R,
Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen TL, Miller E,
Bache SM, Miiller K, Ooms J, Robinson D, Seidel DP, Spinu V, Takahashi K,
Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the tidyverse. J
Open Source Softw 4:1686. https://doi.org/10.21105/j0ss.01686.

Wilke CO. 2020. cowplot: streamlined plot theme and plot annotations for
‘ggplot2.’ R package version 1.1.1. https://CRAN.R-project.org/package=cowplot.

10.1128/spectrum.02025-22 10

Downloaded from https://journal s.asm.org/journal/spectrum on 17 September 2023 by 131.128.76.34.


https://doi.org/10.3389/fmars.2018.00533
https://doi.org/10.1128/msystems.00538-22
https://doi.org/10.1111/ele.13469
https://doi.org/10.1002/lno.11468
https://doi.org/10.1002/lno.11468
https://doi.org/10.1038/s41598-017-02084-6
https://doi.org/10.1038/s41598-017-02084-6
https://doi.org/10.1002/ece3.7890
https://doi.org/10.3389/fmars.2022.875858
https://doi.org/10.1111/j.0022-3646.1996.00916.x
https://doi.org/10.1007/s10750-004-8768-1
https://doi.org/10.1007/s10750-004-8768-1
https://doi.org/10.1038/s41558-018-0216-8
https://doi.org/10.1038/ngeo1858
https://doi.org/10.3389/fmars.2020.00635
https://doi.org/10.1029/2018JG004828
https://doi.org/10.1029/2018JG004828
https://doi.org/10.1038/ismej.2017.74
https://doi.org/10.1038/s42003-019-0534-z
https://doi.org/10.1038/s42003-019-0534-z
https://doi.org/10.1016/j.isci.2021.103587
https://doi.org/10.1111/1462-2920.13513
https://doi.org/10.1111/1462-2920.13513
https://doi.org/10.3389/fmars.2022.829419
https://doi.org/10.1002/nt.2620020411
https://doi.org/10.1016/j.hal.2014.10.003
https://doi.org/10.1016/j.hal.2014.10.003
https://doi.org/10.1098/rstb.2019.0706
https://doi.org/10.1104/pp.110.159145
https://doi.org/10.1104/pp.110.159145
https://doi.org/10.1038/s41598-017-04622-8
https://doi.org/10.1038/s41598-017-04622-8
https://doi.org/10.1073/pnas.0810547106
https://doi.org/10.1073/pnas.0810547106
https://doi.org/10.1016/j.seares.2004.05.005
https://doi.org/10.1016/j.seares.2004.05.005
https://doi.org/10.1038/ismej.2016.97
https://doi.org/10.1128/mSphere.00531-19
https://doi.org/10.1128/mSphere.00531-19
https://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=cowplot
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02025-22

	RESULTS
	DISCUSSION
	Respiration rates.
	External drivers.
	Relative metabolic rates.
	Conclusions.

	MATERIALS AND METHODS
	Fixed and equal respiration rates.
	Fixed and unequal respiration rates.
	Respiration rates vary with carbon fixation.
	Simulating the role of external influence on metabolic rates.
	Simulating the role of external influence on total biomass.
	Changing relative metabolic rates.
	Software.
	Code availability statement.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

