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requirements for the degree of

Doctor of Philosophy

Abstract

Quantifying and modeling the macroscopic ecological and biogeochemical effects of cellular
physiology and metabolism is a challenge: most quantitative "systems biology" models are
focused at the metabolic and individual scale. In this study, we develop and apply a simplified
metabolic model at the individual scale, which we call "the cell flux model", in order to quantify
costs and benefits of nitrogen fixers.

In Chapter 2, we develop the cell flux model for heterotrophic nitrogen fixers in order to
examine and quantify the direct and indirect energy costs of nitrogen fixation. We have tested the
model using data from Azotobacter vinelandii grown in continuous culture. The model indicates
that the direct energy cost of nitrogen fixation is relatively small, whereas oxygen management
to protect nitrogenase becomes dominant as the oxygen concentration increases.

In Chapter 3, we have adapted the cell flux model of Azotobacter vinelandii to consider
the organisms' response to the presence of ammonium in the environment. The model shows that
even under high oxygen concentrations and with high ambient concentrations of fixed nitrogen,
nitrogen fixation occurs if there is sufficient carbohydrate resource available to fully consume
intracellular oxygen.

Most nitrogen fixers in the ocean are photoautotrophic. Thus, in Chapter 4, we extend the
cell flux model to resolve phototrophy and use it simulate and study light and nutrient co-
limitation of Synechococcus spp. as observed in published continuous culture studies. In order to
capture the observed variations in elemental composition with light and resource availability, we
resolve the macromolecular composition of the cells. The highly simplified model is able to
simulate key aspects of the laboratory cultures including explicit prediction of the average
elemental composition and maximum growth rates under different environmental limitations.

In Chapter 5, we have applied the cell flux model to simulate laboratory studies, and
interpreted the ecological costs for the photoautotrophic nitrogen fixer Crocosphaera watsonii.
Our model suggests that these organism also utilize multiple oxygen protection strategies,
including scavenging oxygen with excess respiration, changing their size, and using extracellular
polymeric substances as a barrier to the invasion of oxygen into the cell.
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Chapter 1

Introduction

We have developed a macromolecular model of microbial cells (the "cell flux model") in order

to study and connect cellular physiology and ecosystems. In this thesis, we have applied the

model to nitrogen fixers (diazotrophs) to examine the costs and benefits of nitrogen fixation and

their ecological implications. In this chapter, we first motivate the model development, and then

briefly review nitrogen fixation related topics. Then we consider nitrogen fixation in the context

of climate and ecosystems and narrow down to discuss the physiology of nitrogen fixers, more

specifically, their oxygen management strategies. At the end of this chapter, we provide goals

and outline of the thesis.

1.1 The cell flux model as a studying tool for cell physiology and function

Cell biologists study how cells function. Biochemists study chemical processes in biological

system. Geneticists study genes. Molecular biologists study molecules in biology. These

disciplines complement each other and have achieved great progress for understanding what is

happening in the cells. Deeper understanding of the cell leads to developing effective drugs,

effective production of agricultural products, and many other contributions in human society.

Currently, in biology text books (e.g. Neidhard et al., 1990; Madigan et al., 2000; Kim

and Gadd, 2008; Berg et al., 2010; Lodish et al., 2012) there are schematic depictions of the cell

organelles, chemical processes, biomass synthesis, DNA reproductions, cell divisions, etc.

However, we rarely encounter model diagrams with numbers. How much of each process is

happening? For example, in our daily lives, we eat a variety of foods. They are broadly
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categorized as proteins, carbohydrates, fat, and vitamins. Biochemistry has answered what they

can potentially become after they are absorbed into cells. However, the quantity of the each fate

has yet to become clear or well represented. For example, we still have questions about how

much of fat eaten really becomes fat? Does it mostly become body fat or is most of the fat

actually used for energy production or does it become a part of other macromolecules, such as

carbohydrate, proteins, or even DNA?

Similar issues hold true in microbiology. A wide range of genes, proteins, lipids,

carbohydrates, and organelles, have been studied and the understanding of how they function and

where in the cells they exist has been increasing significantly especially since the 2 0 th century.

However, we still have limited quantitative understanding of the rates of each process, and the

fate of acquired nutrients become what, in a given physical and chemical environment. One of

the reasons for this limited quantitative understanding is the limited development of the

computational models of the whole cell system. To understand biology as a system, recently,

computational approaches have been developed and created a new discipline, Systems Biology,

the study of biological systems by systematic perturbation (Ideker, et al., 2001). However, this

approach is mainly used for understanding detailed functions or metabolic pathways (Kitano,

2002), and faces a challenge in scaling up to the whole cell metabolism in a simple manner. One

Systems Biology approach towards expressing the whole cell metabolism is Flux Balance

Analysis (FBA) (Kauffman et al., 2003; Palsson, 2005; Schuster and Fell, 2007; Orth et al.,

2010). FBA resolves a whole cell metabolic flux network, with a large number of reactions, and

obtain a single solution based on the optimization of an objective functions (Kauffman et al.,

2003; Orth et al., 2010). In many cases, the single solution is obtained based on maximizing

biomass production (e.g. Lee et al., 2007; Orth et al., 2010). However, the assumption that

11



organisms work to this end does not always apply (Schuster, et al., 2008). Another challenge is

that FBA does not calculate concentration of each molecule since fluxes are solved based on the

steady state and the concentrations of metabolites or enzymes are not resolved. Also, since the

model resolves a large number of reactions, FBA often fails to provide bird's-eye view of the

cell functions, thus intuitive quantitative understanding of the metabolic fluxes may not be

obtained easily. How could we obtain such simple and intuitive quantitative view of the cell and

concentration of each molecule?

We can obtain a hint from earth science. In earth science, the idealized, at the same

time, very intuitive quantitative understanding of ocean basin, atmospheric layers, etc. can often

be obtained through the box model. Figure 1.1 shows one example from Vaughan and Lenton

(2012). While the model is highly idealized, it provides an intuitive view of the carbon cycles on

the earth, not only representing the fluxes, but also it computes the magnitude of each carbon

pool. In appropriate circumstances, such models can be parameterized sufficiently well to

accurately represent sensitivities and observed trends (Figure 1.2). They are then used to predict

future temperature and atmospheric CO 2 concentrations under different scenarios (Figure 1.3).

In this thesis, we take the philosophy of this idealized, box-model approach to modeling

the simplified metabolism of a microbial cell. For example, we model the fate of nutrient through

different chemical reactions in the cell. We use multiple boxes to represent cytoplasm,

extracellular environments, and chemical pools, such as the inorganic nutrients and organic

components (Figure 1.4). Each box is connected with other boxes or boundaries with fluxes

(Figure 1.4). The fluxes are parameterized according to known processes where possible.

Similar modeling approaches have been taken in the past (e.g. Geider et al., 1996, 1997,

1998; Flynn et al., 2001, Pahlow and Oschlies, 2009); see Chapter 4 for more details. However,
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those models tend to resolve the cellular quotas of each element instead of resolving the quotas

of the macro-molecules. Here, we hypothesize that key differences between various functional

types of microorganisms can be more faithfully and dynamically captured by a model which

accounts for key macromolecular pools, simple metabolic fluxes, uptake of nutrient, cell sizes,

and internal biochemical balances.

With the model we develop in this thesis, we will provide the intuitive pictures of

metabolic fluxes and the relative sizes of each pool. The model can be used for interpolating the

available experimental data, predicting unknown parameters, and simulating the growth of the

cells in the laboratory and the ecosystems. In this thesis, we name the model "the cell flux

model", and apply the model to study nitrogen fixation and nitrogen fixing organisms.
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industrial steady state global carbon cycle is computed. Each box shows major carbon

inventories in the earth system with concentration in numbers. Arrows represent carbon fluxes.

For the ocean boxes, solid arrows are carbon fluxes due to water flows, and dashed arrows are

carbon fluxes due to sinking particles. The figure is from Vaughan and Lenton (2012) with

permission.
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1.2 Nitrogen fixation in the context of climate

Nitrogen fixation has an indirect but significant impact on climate, since nitrogen fixation is a

major source of bio-available nitrogen, and nitrogen and carbon cycles (including C0 2, the major

greenhouse gas) are tightly coupled (Gruber and Galloway, 2008). There are two types of

nitrogen fixation: anthropogenic and natural. Both types of nitrogen fixation have a similar order

of magnitude (Gruber and Galloway, 2008), thus, equally important for the ecosystem.

Anthropogenic nitrogen fixation has the largest contribution to the terrestrial ecosystems where

synthesized fertilizer is used. However, it has a certain impact in the ocean since 10-30% of

nitrogen is discharged into the ocean (Galloway et al., 1995). Natural nitrogen fixation has a

large impact on both in the terrestrial and oceanic ecosystems. The nitrogen and carbon cycles

are closely coupled as they are tied together in the formation and destruction of living biomass

(Gruber and Galloway, 2008). Nitrogen is often the growth limiting factor in the ocean (e.g.

Moore et al., 2013), and provides bioavailable nitrogen for cellular carbon fixation. Carbon

fixation in turn impacts the abundance of atmospheric C0 2, a major greenhouse gas which

influences climate. Falkowski (1997) argues that a slight change in nitrogen fixation to

denitrification ratio can alter atmospheric CO2 concentrations significantly in the timescale of

glacial-to-interglacial periods. Thus, in order to predict climate change, it is important to predict

the rate of nitrogen fixation accurately, which has been challenging.

1.3 Nitrogen fixation in the context of ecosystems

Nitrogen fixation has important implications for ecosystem functions since all organisms need

nitrogen for key macromolecules, such as proteins and nucleic acids. Nitrogen fixation also

supplies "new nitrogen" to the system which is passed to other organisms through excretion,
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grazing, sharing and symbiosis. In the terrestrial systems, fixed nitrogen is used by plants

influencing the plant growth. In the ocean, nitrogen fixation mainly impacts the microbial

ecology since oceans are much more dominated by micro-organisms than plants (Pomeroy, et al.,

2007).

Depending on the ecosystem, the dominant nitrogen fixers are different. In terrestrial

ecosystems, the dominant type is heterotrophic bacteria (e.g. Cleveland et al., 1999) while in the

ocean, photoautotrophic bacteria (cyanobacteria) are more significant (e.g. Sohm et al., 2011).

The major difference is that heterotrophic bacteria have to obtain organic carbon from external

sources, while cyanobacteria can synthesize organic carbon from inorganic carbon through

photosynthesis. Most of the chapters of this thesis are focused on models of nitrogen fixers,

using laboratory data to inform and constrain simulations, and the models to interpret the data.

Chapter 2, and 3 focus on a heterotrophic nitrogen fixer and Chapter 5 on a photoautotrophic

nitrogen fixer. In order to achieve the latter, we needed to develop a suitable model of photo-

autotrophy, so Chapter 4 is focused exclusively on modeling a non-nitrogen fixing

phytoplankton.

In the ocean, nitrogen fixation is predicted in regions (Moore et al., 2004; Monteiro et

al., 2010, 2011; Ward et al., 2013; Stukel et al., 2014; Dutkiewicz et al., 2014), where Fe/N and

P/N resource supply ratios are high, based on the assumption that nitrogen fixers have low

maximum growth rates. While this simple assumption leads to a general picture of biogeography

of nitrogen fixers, physiological controls on them have yet to become well constrained. In the

next section, we will elaborate on the controls on nitrogen fixation.
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1.4 What controls the rate of nitrogen fixation?

The viability and rate of nitrogen fixation is controlled by many factors which can be categorized

on five scales: molecular controls, physiological controls, ecological controls, ecosystem level

constraints, and regional/global level constraints (Vitousek, et al., 2002). Molecular controls

include genetic control, enzyme synthesis, and other detailed cellular mechanisms (Vitousek, et

al., 2002). Physiological controls include whole cell level controls, such as the impact of

intracellular concentration of oxygen or the cellular level of molybdenum on nitrogen fixation

(Vitousek, et al., 2002). Next are the ecological controls, such as colonization, competition,

predation and nutrient availability (Vitousek, et al, 2002). Ecosystem level constraints include

the nutrient inputs to and outputs from the system. Finally, regional/global level constraints are

include patterns of land cover, biome distribution, climate, and nitrogen deposition (Vitousek et

al., 2002).

These controls are highly interactive, influencing each other. For example, increasing

cellular oxygen concentration leads to inactivation of nitrogen fixing enzyme, nitrogenase

(Gallon, 1981; Wang et al., 1985; Poole and Hill, 1997). Also, expressions of different

respiratory enzymes influence the cellular oxygen concentration (Poole and Hill, 1997; Oelze

2000). A high concentration of heterotrophic organisms might lead to depletion of oxygen in the

environment, promoting nitrogen fixation (e.g. Steunou et al., 2008). In addition, nitrogen

fixation contributes the fixed nitrogen input to the ecosystem (e.g. Peoples et al., 1995), which in

turn influences CO 2 fixation. Nitrogen fixation, which occurs at the molecular level, may

influence climate on long time scales (e.g. Falkowski, 1997; Broecker and Henderson, 1998).

In a global scale ecosystem models, large scale constraints are relatively well resolved.

For example, models consider global-scale dust deposition, ocean circulation, regional light
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intensities, and temperatures (e.g. Monteiro et al., 2010, 2011; Ward et al., 2013; Stukel et al.,

2014; Dutkiewicz et al., 2014). Also, they resolve key ecological controls, such as predation and

nutrient competition. However, the bottom-level controls such as physiology and molecular level

controls have yet to be well constrained and are not represented. For example, growth of the

microorganisms are often expressed as Monod kinetics (Monod, 1949), which connects

environmental nutrient concentration to the growth rate, bypassing the physiology and molecular

scale phenomena (Follows and Dutkiewicz 2011). In order to predict the rate of nitrogen fixation

as a function of any particular environment, it is necessary to incorporate quantitative

descriptions of the physiology and molecular scale controls into the large-scale ecosystem

models.

Among all the physiological and molecular scale controls, in this study, we will

particularly address oxygen management of nitrogen fixers since oxygen directly influences the

nitrogen fixation rate (e.g. Wang et al., 1985) and the cost for oxygen management in terms of

growth efficiency (addressed in Chapter 2 and 3). Despite the importance of oxygen

management, ecosystem models have not yet resolved the underlying mechanisms. In the

following section, we will briefly discuss different oxygen management mechanisms employed

by nitrogen fixers.

1.5 Oxygen management of nitrogen fixers

There are multiple ways to keep the intracellular oxygen concentration low enough for nitrogen

fixation. We explain the oxygen management in detail in Chapter 2, 3 and 5, but here we provide

a brief overview. The simplest form of oxygen management can be represented by the following

equation:
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[02 I =[02]~ r 2Rc (1.1)

3DO2

where intracellular oxygen concentration [O2]c (mol m-3) is influenced by, [02] (mol M-3), the

environmental oxygen concentration, r (in), the cell radius, Rc (mol s-1 m-3 ), the cellular net

oxygen consumption rate (oxygen consumption rate minus oxygen production rate) per volume

(mol s- m-3), and Do2 (Mi 2 s-'), the effective diffusion coefficient for oxygen. Based on the four

parameters on the right hand side of the equation, there are four potential oxygen management

strategies; (i) living in low oxygen environment; decreasing [02], (ii) increasing cell size;

increasing r, (iii) increasing respiration/other oxygen consumption; increasing Rc, (iv) decreasing

the diffusivity of oxygen; decreasing Do 2.

Strategy (i) is employed by multiple types of nitrogen fixers. For example, rhizobium

lives in the root of plants where oxygen concentration is limited (e.g. Tjepkema and Yocum,

1974; Tjepkema 1983). Also, in marine sediments, benthic nitrogen fixers can take advantage of

the low oxygen environment (e.g. Revsbech et al., 1980; Herbert, 1999). Strategy (ii) can be seen

in multiple types of nitrogen fixers as well. For example, Azotobacter vinelandii, soil dwelling

heterotrophic bacteria, increase in size under a high oxygen environment (Post et al., 1982).

Heterocystous cyanobacteria have specialized cells for nitrogen fixation, and have a larger cells

than other non-nitrogen fixers (e.g. Liu and Golden, 2002; Khudyakov and Golden, 2004).

Strategy (iii) is well studied in Azotobacter vinelandii. Since they have significantly higher

respiration rates than other heterotrophic bacteria, and respiration rate increases with oxygen

concentration, it is hypothesized that they increase respiration in order to scavenge oxygen

(Dalton and Postgate, 1969; Poole and Hill, 1997). In addition, it is hypothesized that

Trichodesmium, a filamentous cyanobacterium, use the Mehler reaction for scavenging oxygen

(Kana, 1992, 1993; Berman-Frank et al., 2001). Finally, strategy (iv) is most clear in
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heterocystous cyanobacteria; the heterocysts are specialized nitrogen fixing cells in a colony,

which have an envelope of multiple layers of thick cell wall, regulating passive uptake of oxygen

(e.g. Fay, 1992; Walsby 2007; Nicolaisen et al., 2009). This strategy is also hypothesized in

Azotobacter, which produces extra polymeric substrate, whose composition varies with oxygen

concentration, possibly preventing oxygen diffusion (Sabra et al., 2000). In this study, we will

address strategy (ii)-(iv) since those strategies have been described at the physiological and

cellular scale.

1.6 Thesis goals and outline

The goal of the thesis is to develop the cell flux model, and to investigate the physiological and

cellular controls of nitrogen fixation, and its costs and benefits using the model. In Chapter 2 and

3, we develop the cell flux model for heterotrophic nitrogen fixers. While Chapter 2 addresses

the nitrogen fixers under conditions with no sources of fixed nitrogen, Chapter 3 explores the

nitrogen fixation rates and growth of nitrogen fixers with the presence of ammonium. In Chapter

4, we have developed the cell flux model for phytoplankton and studied light-nutrient co-

limitation of phytoplankton growth. Finally, in Chapter 5, we develop the cell flux model for

photoautotrophic nitrogen fixers and examine their oxygen management. We present the outline

of each chapter as follows.

Chapter 2: A quantitative analysis of the direct and indirect costs of nitrogen fixation

Both heterotrophic and photoautotrophic nitrogen fixers grow more slowly and less efficiently

than non-nitrogen fixers of the same types. What makes the growth of nitrogen fixers inefficient?

In order to answer this question, we developed the cell flux model for heterotrophic nitrogen

22



fixers, and analyzed direct and indirect costs of nitrogen fixation. We have chosen chemostat

culture data of Azotobacter vinelandii (Kuhla and Oelze, 1988) on which to base and calibrate

the model, but its implications applies to other nitrogen fixers: both heterotrophic and

autotrophic.

Chapter 3: Maximizing population provides mechanistic explanation of the physiology of

nitrogen fixing microbes growing in ammonium present environment

Ammonium and other forms of fixed nitrogen are known to inhibit nitrogen fixation. However,

the magnitude of inhibition varies depending on the level of oxygen and availability of

carbohydrate sources. How do ammonium, oxygen and carbohydrate co-limit the rate of nitrogen

fixation and population of nitrogen fixers? To address this question, we have adapted the cell

flux model developed in Chapter 2 into ammonium existing environment, in particular chemostat

culture of Azotobacter vinelandii with ammonium input into the culture (Buhler et al., 1987a,

1987b). With the model, we made a simple assumption that the metabolism of the cell is

constrained to maximize biomass concentration. With this assumption, we have predicted

nitrogen fixation rate, population and other physiological rates, for various ammonium, oxygen

and carbohydrate environments.

Chapter 4: Macromolecular model for studying light-nutrient co-limitation ofphytoplankton

growth

The majority of nitrogen fixers in the ocean are phytoplankton. Not only do they contribute to

global photosynthesis, they account for a large fraction nitrogen fixation in the world.

Phytoplankton are often co-limited by the availability of light and nutrients. However, most
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ocean ecosystem models use highly idealized methods to predict growth rate without sufficiently

considering the physiology and molecular scale constraints which control this co-limitation.

Resolving such detailed scale in the model is necessary to predict the growth of phytoplankton,

which in turn influence the ecosystem and biogeochemistry in global scale. In this chapter, we

develop a macromolecular scale phytoplankton model "the cell flux model for phytoplankton" to

study light-nutrient co-limitation of phytoplankton. In this model we have considered various

macromolecules which vary differently with light-nutrient availability and growth of

phytoplankton. For the model calibration, we have used the data of Synechococcus sp. Although

this chapter exclusively addresses non-nitrogen fixers, it provides basis for modeling

photoautotrophic nitrogen fixers.

Chapter 5: The cell flux model indicates multiple oxygen management strategies by

Crocosphaera watsonii

Nitrogen fixers in the ocean account for about a half of fixed nitrogen input into the ocean

(Gruber and Galloway, 2008), influencing the nitrogen cycle and coupled carbon cycle. A

considerable fraction of nitrogen fixation in the ocean may be done by unicellular nitrogen fixers

(e.g. Zehr et al., 2001; Montoya et al., 2004; Moisander et al., 2010). Thus, understanding the

physiological control of nitrogen fixation by unicellular organisms may contribute to the

prediction of the elemental cycles in the ocean. One of the major unicellular nitrogen fixers is

Crocosphaera watsonii, which fixes nitrogen during the night time in order to avoid

photosynthetically produced oxygen (e.g. Mohr et al., 2010; Saito, et al., 2011; GroBkopf and

LaRoche, 2012). However, even during the night time, the oxygen concentration in the ocean is

nearly saturated (ex. Robertson et al., 1993; Fransson et al., 2004; de Boyer Montegut, et al.,
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2004; Yates et al., 2007). Under such high oxygen concentration, how do Crocosphaera manage

to fix nitrogen? In order to address this question, we have developed the cell flux model for

photoautotrophic unicellular nitrogen fixers. The model resolves diurnal cycles of metabolisms

and iron movement within the cell (Saito et al., 2011). We hypothesize that Crocosphaera adopt

similar oxygen management strategies to that of Azotobacter, and examine each strategy with the

model. Our simulations suggest that Crocosphaera does indeed employ analogous strategies.
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Chapter 2

A quantitative analysis of the direct and indirect costs of

nitrogen fixation: a model based on Azotobacter vinelandii

The chapter is reproduced from the article "A quantitative analysis of the direct and indirect

costs of nitrogen fixation: a model based on Azotobacter vinelandii" by Inomura K, Bragg J,

Follows MJ, recently accepted to The ISME Journal.

2.1 Abstract

Nitrogen fixation is advantageous in microbial competition when bioavailable nitrogen is scarce,

but has substantial costs for growth rate and growth efficiency. To quantify these costs, we have

developed a model of a nitrogen-fixing bacterium that constrains mass, electron and energy flow

at the scale of the individual. When tested and calibrated with laboratory data for the soil

bacterium Azotobacter vinelandii, the model reveals that the direct energetic cost of nitrogen

fixation is small relative to the cost of managing intra-cellular oxygen. It quantifies the costs and

benefits of several potential oxygen protection mechanisms present in nature including enhanced

respiration (respiratory protection) as well as the production of extra-cellular polymers as a

barrier to 02 diffusion, and increasing cell size. The latter mechanisms lead to higher growth

efficiencies relative to respiratory protection alone. This simple, yet mechanistic framework

provides a quantitative model of nitrogen fixation which can be applied in ecological

simulations.
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2.2 Introduction

All organisms need nitrogen for the synthesis of important molecules including nucleic acids and

proteins. Nitrogen pervades the environment in the form of N2 gas, yet it is often a limiting

resource on land and in aquatic environments. Nitrogen fixation provides some marine and

terrestrial prokaryotes with an ecological advantage but is typically associated with low growth

efficiencies and rates (Kuhla and Oelze, 1988a, 1988b; LaRoche and Breitbarth, 2005; Berman-

Frank et al., 2007; Goebel et al., 2007) placing significant constraints on the relative fitness of

nitrogen fixers and their biogeography. Here we address the question of what underpins the low

growth efficiency of nitrogen fixers and develop a quantitative analysis which forms the basis for

trait-based ecological and biogeochemical models.

One contribution to the low growth rate/efficiency of nitrogen fixers is the direct cost of

reducing dinitrogen. Nitrogen fixation is catalyzed by the nitrogenase enzyme, and uses 8

electrons and at least 16 molecules of ATP to reduce each N2 molecule to two molecules of NH 3

(Sohm et al., 2011).

N 2 + 8e- +8H+ +16ATP +16H20 -+ 2NH 3 + H 2 +16ADP +16Pi (2.1)

Although the energetic expense of breaking the dinitrogen triple bond is high this direct

cost may not necessarily be the greatest challenge faced by nitrogen fixing cells. Nitrogenase

consists of an Fe-protein and a Mo-Fe-protein and other metal co-factors whose activity is

decreased upon exposure to oxygen (Gallon, 1981). Thus aerobic nitrogen fixers have developed

numerous strategies to protect nitrogenase from oxygen, particularly in oxygenic phototrophs.

For example, in Anabaena and Nostoc the nitrogen fixing cells also become heterocysts, losing

the ability to fix carbon and building a thick cell coating which is less permeable to oxygen

(Neilson et al., 1971; Wolk, 1996; Golden and Yoon, 2003) demanding an exchange of
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metabolites between cells, as do nitrogen fixers in symbiotic relationships with other species.

Free living, unicellular aerobic nitrogen fixers use other strategies, including the separation of

oxygenic photosynthesis and nitrogen fixation between day and night (e.g. Col6n-L6pez et al.,

1997; Misra, 1999; Tucker et al., 2001; Berman-Frank et al., 2003; Saito et al., 2011; Grof3kopf

and Laroche, 2012b). Heterotrophic, soil dwelling nitrogen-fixers, such as Azotobacter vinlandii,

use elevated rates of respiration to deplete intra-cellular oxygen (Poole and Hill, 1997). They

also produce an extra-cellular polymeric substance that impedes oxygen invasion (Sabra et al.,

2000), and maintain larger cell sizes (Post et al., 1982), which likely also reduces the specific

oxygen invasion rate.

Each of these strategies demands that the organism invest resources in nitrogen fixation

that could otherwise be used for other activities, such as carbon fixation or biosynthesis,

offsetting the ecological advantage of nitrogen fixation. The resulting reduction in growth rate

and/or efficiency is key to understanding the biogeography of nitrogen fixation in the

environment (e.g. Staal et al., 2003; Monteiro et al., 2010; Dutkiewicz et al., 2012). In current

ecological and biogeochemical simulations, this cost is typically empirically imposed (e.g.

Krishnamurthy et al., 2007; Dutkiewicz et al., 2012; Stukel et al., 2013). Here we present a

mechanistic and quantitative approach to modeling the cost of nitrogen fixation and its

associated oxygen management. Though the model represents a generalized approach, we focus

on the heterotrophic, nitrogen-fixing soil bacterium, Azotobacter vinelandii, for which extensive,

quantitative laboratory characterizations have been published (e.g. Post et al., 1982, 1983a,

1983b; Kuhla and Oelze, 1988a, 1988b; Allman et al., 1990; Poole and Hill, 1997; Oelze, 2000;

Dixon and Kahn, 2004).
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Laboratory cultures of Azotobacter (e.g. Kuhla and Oelze, 1988a, 1988b) have

demonstrated a decrease in growth efficiency at all growth rates as the ambient concentration of

oxygen in the medium was increased. This was manifested as an increased carbohydrate cost,

which has been interpreted as enhanced energetically uncoupled respiration (exceeding the level

required for biosynthesis) (Nagai and Aiba, 1972; Kuhla and Oelze, 1988b) to manage intra-

cellular oxygen concentration and maintain functional nitrogenase; hereafter termed 'respiratory

protection' (Dalton and Postgate, 1969; Poole and Hill, 1997). This is illustrated in Figure 2.IA

(data in circles; lines represent a model discussed later), in which the specific sucrose

consumption rate increased with oxygen concentration. The sensitivity to oxygen manifests

largely as a "maintenance" effect, increasing overall carbohydrate consumption (Figure 2.1 A)

because the cell must be equally clear of oxygen even at very low growth and nitrogen fixation

rates. Azotobacter encodes and expresses cytochrome bd, which has high oxygen consumption

relative to ATP production (Poole and Hill, 1997). The reduction of growth efficiency with

increasing oxygen concentration was also reflected in a lower standing stock of protein (Kuhl

and Oelze, 1988b) in Figure 2.1B. At the lowest oxygen concentration (12 pM) there was a sharp

change in the slope at a dilution rate of about 0.1 day-1 .
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Figure 2.1 Continuous cultures of Azotobacter vinelandii with observed data (circles) redrawn

fromn Kuhla and Oelze (I1988b). Solid lines are the corresponding simulations from this work.

(A) Protein specific sucrose consumption rate, (B) standing stock of protein, all with respect to

dilution (and growth) rate, D (x-axis) and oxygen concentration (colored points/lines). The

legend indicates oxygen concentration.

However, it was noted that the increase in maintenance carbohydrate consumption and

respiration are not linear with oxygen concentration, increasing less rapidly at concentrations

above 70 pM (Oelze, 2000) (Figure 2.1A and 2.IB respectively), suggesting other protection

mechanisms must also be at play. Azotobacter vinelandii is also observed to increase in cell size

in more oxygenated cultures (Post et al., 1982) and to form an external alginate capsule as a

barrier to oxygen diffusion, which increases in molecular weight and gluronic acid content with

higher oxygen conditions (Sabra et al., 2000).

The thorough characterization of the energetics of Azotobacter vinelandii in the

laboratory (e.g. Post et al., 1982; BUhler, et al., 1987a, 1987b; Kuhla and Oelze, 1988a, 1988b,

Oelze 2000) provides an excellent opportunity to develop a quantitative, mechanistic model of

nitrogen fixer physiology which we can employ both as a diagnostic tool and in dynamic

ecological simulations. Shortly, we will present such a model, but first we consider the general

principle which underpins it.
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2.3 Materials and Methods

Intra-cellular oxygen balance

Oxygen management is a key cost for nitrogen fixers that we seek to quantitatively model. First

consider the rate of change of the intra-cellular oxygen, Qo2 (mol 02 cell-'), in a spherical

microbe:

dQt2 =P0 2 +47rr 0 2 ([02 ] -[0 2 ]j)-(RS + Rm+ R) (2.2)
dt

Here, [02] and [O2]c are the environmental and intra-cellular oxygen concentrations respectively

(mol 02 m-3). The first term on the right, P02 (mol 02 cell-' s-1) represents a source from

oxygenic photosynthesis. The second term is a source due to transfer across the membrane of cell

with the cytoplasmic radius r (m cell-'), governed by the oxygen gradient and the effective

diffusivity across the membrane and external molecular boundary layer, K02 (M 2 s-'). The third

term, in parentheses, represents consumption of intra-cellular oxygen by respiration associated

with synthesis (Rs) including the direct cost of nitrogen fixation, maintenance (R,1) and

respiratory protection (RP) (mol 02 cell-' s-1). Rs is related to the growth rate of the population, p

(s-') by

R0 2 BIO (2.3)

where Qc is the carbon quota (mol C cell-') of the species in question and ySO2:BIO is the growth

yield with respect to oxygen (mol 02 consumed per mol C biomass synthesized) which can be

evaluated from the overall stoichiometry of the reactions (Heijnen and Roels, 1981; Rittmann

and McCarty, 2001; see Supplementary Material 2.Sl).
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Since reducing intra-cellular oxygen concentration is critical for nitrogen fixers, consider

the solution for the intra-cellular oxygen concentration [O2]c at steady state (dQo2/dt ~ 0):

Po-{~Y02:BIO +Rm +Rp)
[O2 ]C=[02]+ PO2( s + RY) (2.4)

4gcrKO2

Oxygenic photosynthesis, P0 2, always acts to increase intra-cellular oxygen concentration

along with invasion from the environment, if the external concentration is higher. In contrast

there are numerous strategies to reduce intra-cellular oxygen levels and protect nitrogenase, as

mentioned in the introduction: living in a low oxygen environment, reducing [02]; increasing the

efficiency of respiratory oxygen consumption, ySO2:BIO; creating thick membranes or mucus

layers to reduce the effective diffusivity of oxygen, K02 into the cell. Since carbon quota, Qc,

increases with cell volume (r3), increasing cell radius will increase Rs and reduce [O2]c, as

increasing growth rate p also increases the respiratory oxygen demand. A high maintenance

respiration or deliberate respiratory protection, Rp, consumes oxygen. The investment in

respiratory protection to reduce the intra-cellular oxygen concentration to very low levels can be

estimated by setting [O2]c = 0 in (2.4) and re-arranging:

R 4 =4nr K2[02]+ P2 -( QCys2:BIO +R) (2.5)

The required Rp is the difference between sources due to oxygenesis and diffusive invasion, and

the demand from growth and maintenance.

A model of Azotobacter vinelandii

Azotobacter vinelandii employs several of the strategies encapsulated in (2.4): It employs

respiratory protection (see Figure 2.1). Its radius increases with the environmental oxygen

concentration (Post et al., 1982, 1983b; Poole and Hill, 1997). If respiration rate is proportional

to the cell volume, i.e. the rate is influenced by r3 (which is approximately the case for
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prokaryotes; Glazier, 2009), then the cell radius impacts intra-cellular oxygen concentration in a

quadratic manner according to equation (2.4). Thus, the influence of the cell radius on oxygen

management can be significant. Azotobacter also creates an alginate barrier, as the environmental

oxygen concentration increases, and the amount of intracytoplasmic membrane increased with

environmental oxygen concentration (Post et al., 1982).

Here we extend the simple model of the previous section to develop a more complete

representation of a heterotrophic nitrogen fixer (the cell flux model) that we interface with

published data on Azotobacter vinelandii cultures. This constrains key parameters and the model,

in turn, provides a quantitative interpretation of the cultures. Extending the simple model of

(2.3), we consider carbon nitrogen, electron and energy flow in a simplified cell. We combine an

idealized biochemical model (Rittmann and McCarty, 2001) which guides the evaluation of

growth efficiencies such as ySO2:BIO, with a diffusive representation of the transport of oxygen

and other substrates through the cell membrane and surrounding molecular boundary layer (Staal

et al., 2003).
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Figure 2.2 Schematic depiction of the cell flux model in continuous culture. [CHL]V is the

incoming carbohydrate concentration. [CHI and [(2] are the concentrations of carbohydrate and

oxygen in the medium. [02]c represents the intra-cellular oxygen concentration. Red arrows

represent the energy production pathways and blue arrows represent the biormass synthesis

pathways. The green arrow represents nitrogen fixation. The black dashed lines represent energy

flow. Orange shading indicates the cell membrane layers. See main text for details.

Ultimately the model has two free parameters: c, the energetic efficiency of cellular

metabolism, and e, the efficiency of diffusion of oxygen through the cell membrane. We

constrain these parameters using the laboratory data for Azoiobcicier illustrated in Figure 2.1. and

use the model to infer the cost of nitrogen fixation and the relative effect of different protection

mechanisms. Though we focus on Azoobacler, for which systematic data is available, the model

is potentially applicable to a broad range of nitrogen-fixing microbes, and we discuss the broader

implications in later sections.
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Table 2.1 Fundamental relationships of the cell flux model. Supplementary Material 2.S5

provides the definition of each parameter.

Cellular
conservation of dQcH _ DQcYCHBIO (.
carbon dt =VCH -mQc -- O 2:CH 2.6)

(mol C cell-' s-')

Cellular
conservation of dQ0 2  DQcSY22 .BIO C 02 fCH
oxygen dt =02 - V -m N S - RP (2.7)

(MOI 02 cell-' s-')

Cellular oxygen
uptake v0 2 =47rKO2 (JI02-[O2 ]c) (2.8)
(mol 02 cell-' s-')

Effective diffusivity 0 Lg +r
of oxygen K02 = K02 (2.9)
(m 2 s-1) Ly +r

Conservation of
carbon in the d[CH] = D(CH]IN -[CH] VCHXP (2.10)
reactor dt

(mol C m-3 S-1)

The model, depicted schematically in Figure 2.2, conserves mass, energy (when Rp=0)

and electron flow at the individual scale and in the simulated reactor vessel and assumes that

cultures are in steady state. Key rate equations (2.6), (2.7) and (2.10) (Table 2.1) describe the

cellular-scale conservation of carbohydrate and oxygen, as well as conservation of carbohydrate

in the reactor vessel.

For a steady state, conservation of carbohydrate at the cellular scale, equation (2.6),

balances uptake of the carbohydrate (CH) substrate, VcH, against synthesis into "biomass" at

dilution rate D (s), respiration to support that synthesis (included in the second term),
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maintenance respiration mQc, and additional respiration associated with respiratory protection

R0 /YN-2fH (all mol C cell-' s-').

An expression for the specific carbohydrate uptake rate, Cs (mol C in carbohydrate s-1 /

mol C in biomass) = VcH/Qc, can be found by rearrangement of (2.6):

YCHBIOD R

C v QC N-2 H

Here YfH:BIO is the cellular rate of CH consumption required to supply the balanced electron,

carbon and energy for biomass synthesis including nitrogen fixation. Qc is the cellular quota of

carbon (mol C cell~') which is determined as a function of cell volume V (Bratbak et al., 1984).

yC is the ratio in which oxygen is consumed relative to carbohydrate for non-synthesis

related respiration (i.e. maintenance and respiratory protection). We evaluate YfH:BIO and

yC using the method described by Rittmann and McCarty (2001), balancing mass, electron

and energy flow at the individual scale (outlined in Supplementary Material 2.S 1). The simple

model for Cs in equation (2.11) suggests a linear relationship with dilution rate (average growth

rate), D, and additional costs due to minimal maintenance and respiratory protection. If the latter

is neglected (Rp= 0) then equation (2.11) represents the classical Pirt model (Pirt, 1982), where

yCH:BIO is constrained by exact energy balance. In this study, however, we assume the

maintenance rate m is negligible, since it is typically small relative to respiratory protection in

most instances explored here. We note that YfH:BIO is a function of the energy transfer

efficiency, E, which characterizes unresolved details of metabolic adaptations (see Results and

Discussion, and Supplementary Material 2.SI) and, as such, is a tunable parameter of this model.
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The vitality ratio, Pv represents the fraction of active cells in the culture. Under

unfavorable conditions, such as nutrient depletion, cells can survive in dormancy with low

metabolic rate (Lennon and Jones, 2011). In continuous culture, there are also dormant or non-

vital cells (Postgate, 1973), possibly due to nutrient limitation, and the division rate reflects the

average from growing and non-growing cells. The vitality ratio has a significant impact on the

growth efficiency since the respiration rate of the non-vital cells is observed to be low (Postgate,

1973). Here we parameterize the fraction of non-vital cells as a function of growth rate based on

empirical data of Postgate (1973) for cultures of Klebsiella aerogenes:

Pv = 0.18547 ln(D) + 2.75176. (2.12)

At present there is no explicit data on the viability rate of Azotobacter but incorporating this

effect as calibrated for Klebsiella significantly improves the simulation. Specifically, this

mechanism reduces the effective yield of the simulation with dilution rate (i.e. increases the

slopes of the Cs vs D curves).

Respiratory protection appears as an additional "maintenance" term in equation (2.11),

consistent with observed as oxygen stress increases in Azotobacter vinelandii (increasing the

total carbohydrate consumption and respiration rates with oxygen in data on Figure 2.1A and

2.1 B). Higher environmental oxygen concentrations increase the invasion rate, requiring more

vigorous respiratory protection and reducing the overall growth efficiency. In order to fix

nitrogen, the cell must keep the intra-cellular oxygen concentration very low (i.e. [02]c~0) at all

rates of growth (dilution). Thus, we can constrain Rp by estimating the rate of oxygen invasion

into the cell using equation (2.13), derived from (2.7) and (2.8) from Table I under the steady

state assumption.
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QC QC PVN-S

Here Yf2:BO represents moles of oxygen gas consumed per mole of carbon biomass production

for synthesis. Though energy balance can provide some constraint, the realized efficiency of

energy transfer depends upon unresolved details of the specific metabolic pathways utilized by

the organism and is encapsulated by the energy efficiency parameter, e (see Supplementary

Material 2.S ).

The diffusive transfer of oxygen from the ambient environment into the cell is described

by equation (2.8) and (2.9), following Staal et al. (2003), where the effective diffusivity, K02,

depends on the diffusivity in water, the cytoplasmic radius, r, and the thickness and relative

diffusivity of the cell membrane layers (Lg and cm). We impose a positive correlation between the

cell radius of Azotobacter and the ambient oxygen concentration as well as a fixed ratio between

cell membrane thickness and radius, based on the empirical data of Post et al. (1982). Since the

diffusivity of oxygen in water is well known, we are left with a second control parameter, Em.

When the invasion of oxygen exceeds the minimum energy demand, the model invokes

respiratory protection sufficient to consume all the excess oxygen flux.

Substituting for RP in (2.11) with (2.13) provides a quantitative, mechanistic model for

the growth efficiency of nitrogen fixing Azotobacter that incorporates both direct and indirect

costs. Using conservation of carbohydrate in the reactor vessel, equation (2.10) in Table 2.1, and

assuming that at steady state the carbohydrate is drawn down to a low, subsistence concentration

(i.e. [CH]<<[CH]N), we find an expression for the standing concentration of protein in the

reactor:
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[PR] =D[CH]IN yPRBIO (2.14)
CsPv

where YPRBIO is the ratio of carbon in protein to carbon in total biomass. We have used 1/1.32

for this ratio based on the laboratory study of Bthler, et al. (1987a).

Considerations of mass, electron and energy balance at the individual and reactor scales,

along with an estimate of the rate of invasion of oxygen through the cell wall, allowed us to fully

describe the system and predict the specific carbohydrate consumption rate, Cs and concentration

of protein in the reactor, [PR].

2.4 Results and discussion

Direct and indirect costs of nitrogen fixation

The model described above was brought into consistency with the data of Kuhla and Oelze

(1988b) (data points in Figure 2.1) by tuning the two control parameters (i.e. Em = 7.9 X 10-4 and E

= 0.22) and approximating the energetics of one sucrose molecule as that of two glucose

molecules. The simulations qualitatively and quantitatively capture the key features of the

laboratory cultures. It identifies the transition between energy limited and oxygen controlled

regimes in the experiment, confirms that Azotobacter is using several strategies to manage

oxygen, quantifies their relative contributions, and quantifies the allocation of carbon resources,

showing that indirect cost of oxygen management far exceeds the direct cost of nitrogen fixation.

i. Transition between energy limitation and oxygen management regimes

The solid curves in Figure 2.1 depict the optimized model solutions for carbohydrate

consumption rate and protein concentration against dilution rate for different oxygen
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concentration along with laboratory data in (Kuhla and Oelze, 1988b). In most cases, the

diffusive oxygen supply exceeds the demand for synthesis and respiratory protection is present,

increasing specific sucrose consumption at all dilution rates. However, at higher dilution rates

and low ambient oxygen concentrations ([02]=12 pM) respiratory protection is no longer

necessary. There, growth is oxygen limited (see equation (2.3)), and the minimum respiration

limit is appropriate. This leads to a sharp transition in the appropriate curves on Figure 2.1

particularly so for the protein standing stock (Figure 2.1B); it represents the transition between

energy limited and oxygen management regimes. The model captures and explains this

transition.

ii. Multiple oxygen protection strategies

The simulations capture the trend of increasing carbohydrate consumption rate both with dilution

rate and oxygen concentration (Figure 2.1A, solid lines). When oxygen management is not a

major control, for example the minimum respiration case at [02] = 12 pLM, the increase of

carbohydrate consumption rate with dilution rate is caused by increasing biomass production,

nitrogen fixation and balanced respiration. At higher oxygen concentrations, there is an overall

increase in carbohydrate consumption due to respiratory protection (i.e. appears as a

"maintenance" effect). High dilution rates also increase carbohydrate consumption due to the

increased proportion of viable cells, which need respiratory protection for fixing nitrogen while

non-viable cells do not.

Figure 2.3 shows data and model solutions for Cs as a function of oxygen concentration

at a fixed dilution rate. The dotted black line indicates the required specific sucrose consumption

rate if the cells respond only by respiratory protection to increasing ambient oxygen
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concentrations. As Oelze (2000) pointed out, this linear response is inconsistent with the data

(Figure 2.3, circles) and demands additional mechanisms. This non-linearity is captured by the

model if the specific invasion rate of oxygen is reduced by an increase in cell radius (r+Lg) or a

reduction in the effective diffusivity of oxygen invasion (K02) under higher oxygen

concentrations, either by thickening the cell membrane or developing an alginate capsule at

higher oxygen concentrations (as observed by Post et al., 1982; Sabra et al., 2000). A relatively

minor change in effective cell diameter is sufficient. In the solid grey line of Figure 2.3 an

increase in cell diameter of a factor of 1.4 (1.76 pm to 2.41 im) as oxygen concentration

increased from 12 iM to 192 ptM, brought the model into consistency with the observed data.

This is consistent with the increase in size by a factor of 1.6 observed by Post et al. (1982) over a

similar range of oxygen concentration in the lab.

Azotobacter can also produce an alginate capsule, which decreases the diffusivity on the

cell boundary layer (Sabra et al., 2000), though this phenomenon is not always reported in the

laboratory studies. We represent the development of an alginate capsule by altering the effective

diffusivity and thickness of alginate capsule, and imposing a carbohydrate cost for alginate

production (dashed black line in Figure 2.3; for details see Supplementary Material 2.S2).

Though sucrose expenditure is increased in order to achieve larger cell radius or alginate layer,

the model clearly shows these strategies to significantly improve growth efficiency at higher

oxygen concentrations, relative to pure respiratory protection (i.e. the solid grey and dashed

black are significantly lower than the dotted black line in'Figure 2.3).

The model confirms that multiple oxygen protection strategies must be at play in

Azotobacter vinelandii. At higher oxygen concentrations, changes in cell volume and/or alginate
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production supplement respiratory protection and significantly increase growth efficiency, while

at lower concentrations, respiratory protection alone is as effective.

35 -

p 30 -

RP + Radius-adaptation
25

20 - RP

1 5 ------ RP + Alginate-capsules

E o Laboratory data

S5

0
0 0.05 0.1 0.15 0.2

02 (mM)

Figure 2.3 Simulated specific carbohydrate consumption rate as a function of oxygen

concentrations for different scenarios: gray solid line, respiratory protection (RP) and radius-

adaptation. Black dotted line, respiratory protection only. Black dashed line, respiratory

protection and alginate layer formation. Open circles are linearly interpolated values from Kuhla

and Oelze (1988b).

iii. Allocation of resources

The qualitative and quantitative fit to the laboratory data suggest that the model is a suitable tool

for quantitative interpretation of resource allocation by Azotobacter vinelandii in different

oxygen environments. The analysis, shown in Figure 2.4, reveals that in low ambient oxygen

concentrations, the major respiratory cost is synthesis (Figure 2.4A). In an oxygenated

environment, the greatest carbohydrate cost is for respiratory protection (Figure 2.4B), and the

direct costs of nitrogen fixation are quite small (yellow and red portions, Figure 2.4B).
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Figure 2.4 Allocation of carbohydrate resource (as measured by the contribution to specific

carbohydrate consumption rate) at (A) 12pM 02 and (B) 192ptM 02. Solid circles indicate data

from (Kuhla and Oelze, 1988b).

We note that the whole-cell energy transfer efficiency for Azotobacter, C = 0.22, inferred

from the model fit is rather low relative to comparable simulations of other organisms growing

on ammonium and glucose, where E =0.54, using data from Heijnen and Roels (1981). Even

when oxygen is low and respiratory protection is not in play (Figure 2.4A), the efficiency of

carbohydrate utilization for synthesis remains relatively low. Azotobacter vinelandii expresses

cytochrome bd, which has high oxygen consumption relative to ATP production (Poole and hill,

1997), trading off low energy efficiency against the ability to manage oxygen for nitrogen .

fixation. There may also be a high cost in protein turnover, since nitrogenase is so sensitive to

even low oxygen concentrations.
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2.5 Broader Context

Nitrogen fixation and oxygen management

The comprehensive physiological and energetic data sets characterizing Azotobacter vinelandii

have not been obtained for most nitrogen fixers. However, the model indicates that other types of

nitrogen fixers may employ similar oxygen management strategies despite their differences in

their sizes and physiology (Table 2.2). The model has two free parameters that were constrained

by minimizing model-data differences: c reflects the efficiency of energy production and Em

encapsulates the permeability of the cell membrane layers to oxygen. Assuming that this low

energy transfer efficiency is common amongst nitrogen fixers, we can apply the cell flux model

to consider the oxygen management strategies of other nitrogen fixers. Table 2.2 illustrates the

variety of strategies and their occurrence amongst several nitrogen fixing species; terrestrial and

aquatic, heterotrophic and phototrophic. We note that several of these species are phototrophic,

so the energetic constraints may be rather different during the day. However, in the dark (when

some are fixing nitrogen) the cell flux model as developed for Azotobacter may be informative.

Crocosphaera is a free living, unicellular marine nitrogen fixer with a typical cell radius

of 1 jim (estimated from Dron et al., 2012). GroBkopf and LaRoche (2012) found that about 60%

of respiration by Crocosphaera is non-essential (i.e. respiratory protection) at 186 pM 02. We

applied the cell flux model framework to a simulation of Crocosphaera in the dark (they fix

nitrogen at night) with a growth rate of 0.23 d- (GroBkopf and LaRoche, 2012) and 100%

vitality. To balance the books, the model suggests that Crocosphaera must have a very low

effective diffusivity for oxygen (i.e. a low Em), about 1/5 7th that of the cell membrane layer of

Azotobacter vinelandii (in the absence of alginate). Such a low 02 permeability could result from

either a thickened cell wall or extra-cellular polymer layer analogous to alginate in Azotobacter.
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The latter is consistent with the significant amounts of extracellular polymeric substances

observed in association with Crocosphaera (Dron et al., 2012).

Table 2.2 The list of oxygen management strategies employed by each species. References:

apost et al. (1982), bSabra, et al., (2000) cPool and Hill (1997), dKumar, et al. (2010), eMaldener

and Muro-Pastor (2010), Dron, et al. (2012), gGroBkopf and LaRoche (2012), hCapone et al.

(1997), 'Yang, et al. (2007), 'Berman-Frank, et al. (2001).

Extra cellular Respiratory
Strategy Size change polymeric substrate protection

Azotobacter aYes bAlginate *Yes

Anabaena and dYes: Heterocysts 'Highly likely: -
Nostoc Polysaccharide layer

Crocosphaera - fPossible: EPS gPossible

Trichodesmium hpossible: Colony 'Possible: Envelope- Possible
Related Genes

Other organisms use specialized heterocyst cells with very thick cell membranes to

exclude oxygen. The cell wall of heterocysts of Anabaena have an effective diffusivity of about

1.18 X 10-12 m 2 s- 1 for oxygen (Walsby 1985). Simulations with the cell flux model assuming this

diffusivity, along with a cell radius of 2.89 (estimated from Walsby 1985) and 100% vitality, we

find that at typical saturated oxygen concentrations of 225 pM 02 (Post et al., 1982), this

organism should not require respiratory protection for growth rates above about 0.10 d-'. Its

maximum growth rate is about 0.75 d-' (Fogg, 1944).

One strategy of Azotobacter vinelandii is to increase cell size, therefore reducing surface

to volume ratio and the specific invasion rate of oxygen. Forming rafts, with strands of cells

bundled together, as seen in the aquatic species Trichodesmium and Aphanizomenon, may have
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the same effect. Under saturated oxygen concentrations 225 pM 02 (Post et al., 1982), cell

radius of 2.17 ptm, (Bidle and Falkowski, 2004), growth rate of 0.23 d- (Prufert-Bebout et al.,

1993), and 100% vitality our model suggests that for an isolated trichome, about 97% of total

respiration would be required for respiratory protection. However, if the colony radius triples due

to bundling, the central trichomes are shielded from oxygen with an analogy to increasing the

radius of individual cells. Expose surface area is reduced such as to increase efficiency with

about 75% of respiration expended on oxygen management. With colony radius 6 times that of a

single cell, no respiratory protection is needed for the central trichomes. Hence the formation of

bundles may provide a significant enhancement of growth efficiency for Trichodesmium and

other marine nitrogen fixers.

Finally, we note that recent studies find heterotrophic nitrogen fixers in various ocean

environments (reviewed in Zehr et al., 2003; Riemann et al., 2010), though the exact manner of

their lifestyle is yet to be determined. Such organisms might be considered marine analogs of

Azotobacter. It might seem surprising that such organisms could thrive in the open ocean: given

the energetic cost of oxygen management it is logical that most marine nitrogen fixers would be

photoautotrophic or photoheterotrophic. The high cost of oxygen management in the highly

aerobic surface ocean, along with the potential paucity of sufficiently rich organic carbon

substrates in dissolved form, makes it hard to envisage heterotrophic nitrogen fixation as a viable

strategy for a free-living cell. However, heterotrophic nitrogen fixation can be favored in certain

oxygen conditions. With growth rate of 1 d-, our Azotobacter study suggests a sweet spot of

about 3% 02 saturation at which the organisms are neither oxygen limited nor poisoned. Such

conditions may occur in regions of low oxygen near Oxygen Minimum Zones, or on the

microscale in organic particles creating viable habitats. Also, even under much higher oxygen
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pressure, given sufficient quantities of carbohydrate substrates, aquatic heterotrophic organisms

may carry out nitrogen fixation, as observed recently in Pseudomonas stutzeri (Bentzon-Tilia et

al., 2015). Alternatively, symbiosis may lead to fruitful sources of high energy substrates. While

the precise nature and biogeography of heterotrophic marine nitrogen fixers remains elusive at

present, we suggest that the cell flux model developed here may prove a useful tool for

understanding and modeling these organisms.

2.6 Conclusions

To examine the growth efficiency of nitrogen-fixing bacteria, we have developed a "cell flux

model", constrained by mass, redox and energy balance, to simulate Azotobacter vinelandii in

nitrogen-fixing conditions. The model qualitatively and quantitatively captures the trends in

specific carbohydrate consumption, respiration, and the standing stock of protein as a function of

growth rate and ambient oxygen concentration. It indicates that in oxygenated conditions the

direct cost of nitrogen fixation has a limited impact on the growth efficiency of Azotobacter,

relative to the major investment in respiratory protection. Azotobacter also employs other

strategies to protect nitrogenase from oxygen including an increase in cell radius and the

production of an alginate capsule, both of which increase efficiency relative to respiratory

protection alone. The strategies for oxygen management employed by Azotobacter are common

with many nitrogen fixers; aquatic and terrestrial, heterotrophic and autotrophic. The model has

sufficient detail to quantitatively capture many aspects of the energetics and lifestyle of

Azotobacter and other nitrogen fixers, yet it remains simple, transparent and computationally

cheap. We suggest that it can form the basis for a general physiological model with which to
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simulate and interpret the relative fitness of microbes of a variety of funcationality in

biogeochemical and ecological simulations.
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Supplementary Material

This supplementary material provides detailed information about the cell flux model, and

nomenclature.

S2.1 Evaluation of yields

The efficiency of the modeled metabolism are determined by assuming balanced mass, electron

and energy flow at the individual scale following Rittmann and McCarty (2001). Though highly

simplified, such approaches have proven useful (Heijnen and Roels, 1981; Xiao and VanBriesen,

2005; McCarty, 2007). A set of balanced half-reactions represent key metabolic transformations,

each reflecting the flow of one unit of electrons. A respiratory electron acceptor half-reaction is

paired with an appropriate electron donor, which supports the synthesis of biomass of specific

stoichiometry, CnHaObN; C6HI0.8 02.9N s is used based on Bihler et al., (1987), which refers to

van Verseveld (1979). Biomass synthesis, in turn is represented by a second electron donor-
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acceptor pair which consumes energy. The resulting bio-synthetic and respiratory reactions are

combined in such a way as to balance the energy budget and maintain balanced electron and

mass flow. An important factor is the efficiency of energy transfer, represented by c, which

modifies the pairing. To represent heterotrophic nitrogen fixation and to reflect the experimental

setup simulated, we choose the following reactions in Table 2.S1:
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Table 2.S1 Half reactions used for the cell flux model adapted from Rittmann and McCarty

(2001).

Reaction

Respiratory
electron
acceptor, Ra

Synthesis of
biomass
including N2

fixation, RCN

Chemical equation Free energy
change

1 1
02 20

dCC2 + CHCO3 +( 2 N 2

)n Ha O N, 2n -b+c

(c+d)Hd+
+ d H)

H20+ H2
2d

where, d=4n+a-2b+c .

Electron donor,
Rd

Synthesis of
pyruvate, Rpy

I-C6H0 6 +- H2O ->-CO +H+e-
24 4 4

1
C02 +

5

I 
--HCO-10

12
+ H +e- -- CHCOCOO-+2 H20

10 5

To form a balanced equation for whole cell synthesis, we use the following procedure (Rittmann

and McCarty, 2001): form a respiration equation and its associated energy source:

Re= Rd+ Ra , AGe= AGd -AGa. (2.S1)

From Re, YN 2CH is defined. Similarly, form an equation representing synthesis of biomass with

given stoichiometry: here including nitrogen fixation.

Rs = Rd+ RCN, AGs = AGd -AGCN . (2.S2)

The whole cell formula is produced by a linear combination of the energy and synthesis

equations:
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Rceii =fs Rs +fe Re (2.S3)

Assuming unit electron flow,

fs +fe = 1. (2.S4)

Finally, in order to close equations, we invoke energy balance allowing us to solve forfs

andfe, and write the balance equation Rceii. First we must account for the less than perfect

efficiency of energy transfer, via intermediates such as ATP, in the metabolic network. If 0 < E <

1 is the efficiency of energy transfer, and we assume the formation of an intermediate carbon

compound, pyruvate, between uptake and synthesis, then the actual free energy transfer can be

expressed in terms of

AG AG
AG = AG2 ATP-eAGdAGj = PY + '' and A = AGe (2.S5)

Here AGn is the energy required for nitrogen fixation and electron donation. AG2ATP is the

energy produced by 2 ATP consumptions for fixing 1/8N 2. We have assumed that AG2ATP=1 00

(kJ) based on Falkowski and Raven (2007), which refers to Alberts et al. (1983). AGI is the

energy required for biomass production with ammonium as the nitrogen source. The superscriptj

on E is the modifier for the energy transfer efficiency, depending on the sign of AGpy; when AGpy

is negative,j =-1, and when it is positive,] = +1. By introducing the termj, we avoid

amplifying AGpy when it is negative. AGpc represents energy consumption for biomass

production with pyruvate as a carbohydrate source and ammonium as a nitrogen source. To

obtain AGc, we have used the estimated value of 3.33 kJ per gram cells (McCarty, 1971;

Rittmann and McCarty, 2001). AG is the available energy from respiration. Other details and
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values can be found in the section 2.7 in Rittmann and McCarty (2001) with AGr=AGe and

AGp=AGy.

Once we obtain AGn, AG', and AG', the next step toward solving forfs andfe is to

determine the balance among these values. In order to compute the ratio of AGn and AG , we

consider how much nitrogen has to be fixed in order to support a certain biomass production.

The half reaction for nitrogen fixation, RN, is described as follows:

1 5 1 1-N 2 +-H' +e- ->-NH +-H2 . (2.S6)
8 4 4 8

Here, we have replaced the NH 3 with NH4+ in equation (2.1), since at the pH of typical

cytoplasm, most ammonia exists in the form of NH4+. Also, we have removed the reaction

related to ATP since we compute the energy separately. The NH4+ produced in RN has to be

balanced by the NH4 consumption by biomass production in RB, the half reaction for NH4+

based biomass production (Rittmann and McCarty, 2001, with a different definition of d):

n-c C C
CO, + -NH+ + -HCO- + H+ + e-

d -4c d -4c 4 d -4c (2.S7)
I CHON 2 n-b+cH,

d- 4c d-4c

In order to obtain the half reaction for biomass production based on nitrogen fixation (thus RCN in

Table 2.Sl), we assume that all the fixed nitrogen is used for biomass production, and we

multiply RN by 4c/d and RB by (d-4c)/d and add the together. We apply the same calculation to

the energy as well; the energy requirement for biomass synthesis including nitrogen fixation per

electron AGBN is computed as follows:
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AGBN= AGn+ d - 4c A Gl' (2.S8)
d d

AGBN has to be balanced by the available energy from respiration with the electron based

biosynthesis-respiration ratio off, :fe, thus:

feA G+fsAGBN= 0. (2.S9)

Finally with this equation and (2.S4), we obtainfs andfe as follows:

I AGBN )-" f AG1- (2.S1O)
AGe AGBN

Withfs andfe obtained, from (2.S3), the whole cell equation Re1 can be written and the

stoichiometry and yields, Y02:BIO and YfH:BIO are defined.

S2.2 Oxygen diffusion through alginate layer and cost of alginate production

To incorporate the alginate influence on diffusivity of oxygen, we have added an alginate layer

right outside of the cell membrane. This addition influences the effective diffusion coefficient of

oxygen K0 2 in equation (2.S1 1), which we restate here:

V0 2 =47rrK02 ([02 ]-[02 ]c). (2.Sl1)
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Figure 2.Sl The schematic diagram of the oxygen uptake by diffusion adapted from Staal Ie

al. (2003). The green part is the bacterial cell where the concentration of oxygen is [02]c'(mol

1 3 ), the brown part is the glycolipid layer, the peach part is the alginate layer, and the white

part inside the dashed circle is the boundary layer where the concentration of oxygen is [02]

(mol m ). The transport of oxygen through different layers is driven by oxygen concentration

gradient.

To incorporate the alginate layer, K1, is modified as follows:

K r , r2 r +L)L) (2.S12)

i- rr+Lg' I rL 9+L, r+ g' -+L 9+Lg
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where ca is the alginate-layer/water diffusivity ratio and La is the thickness of the alginate layer

(m cell-1). Sabra et al. (2000) suggests that the diffusivity of the alginate layer decreases with

oxygen concentration. However, the how exactly it decreases has yet to be known. Here, we

have applied the following equation:

Ca= (2.S13)
a(FO2 +71

where li (mol 02 M-3), and 12 (dimensionless) are tunable parameters. This equation express

continuously decreasing diffusivity as the oxygen concentration increases as reported in (Sabra et

al., 2000) and represent data in Kuhla and Oelze (1988) with l1=1. 8 1 X 10-3 (mol 02 M-3) and

12=1.26 (dimensionless).

We have assumed that the cost of alginate production is 1.75 times of biomass production

based on the average ratio of exopolysaccharide and cell biomass production for various dilution

rates in Jarman et al., (1978). The energetic cost for alginate production is assumed to be small,

based on the metabolic pathway of alginate production from sucrose described in Sabra et al

(1999).
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S2.3 Other parameterizations

We have used 100 mol m-3 for [CH]IN based on Kuhla and Oelze (1988). In order to calculate the

cell volume V (m 3 cell-'), we have used r+Lg for the cell radius:

4u
V =-Ir (r +L) . (2.S14)

3

r + Lg (m cell-') is approximated from the linear regression of the cell width W(m cell-') and

length L (m cell-1) from Fig. 4a in Post et al. (1982), based on the following equation:

r+Lg= L2W (2.S15)
3

For the ratio r : Lg, we have used 29 : I based on the microscopic picture in FIG. 2 of Oppenheim

and Marcus (1970). In order to obtain the oxygen diffusivity C, at 30 'C to represent the

experimental environment in Kuhla and Oelze (1988), we have converted the oxygen diffusivity

of 2.12 X 10-9 at 20 'C in MacDougall and McCabe (1967) by using Walden's rule (Fernandez

and Phillies, 1983) and the viscosity of water for each temperature (Kestin et al., 1978).
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S2.4 Equations and reactions

Table 2.S4A Model solutions with equation numbers. Equations are listed in order of
appearance.

4nr0 2J102IC 102 +PO 2 -7QcI S 2BO+ R,, + RP )
4griO2

VO 2 = 4zrKO2([02 ]-[02 ]C)

o Lg +r
K0 2 = K0 2 L

Iy.+r

YS H:BIOD R

S 0Q 2fH'Pv QC YN-H

P= 0.18547 ln(D) - 0.28576

RP 4nrKO2 [02] DY2BIO Y2:CH

QC QC Pv -

(2.4)

(2.8)

(2.9)

(2.11)

(2.12)

(2.13)

[PR] = L{CH] IN YPR:BIO

Cs y

Re= Rd + Ra,

Rs = Rd + RCN,

AGe AGd-AGa

AGs = AGd -AGCN

Rceii =fs Rs +fe Re

AG AG
AG, = AG 2 AP -6AGd, AG> =G'' AG-

n 6
and AG' =AGe

4c d-4c A
AGBN=- AGn+ AG

d d

(2.14)

(2.Si)

(2.82)

(2.S3)

(2.S5)

(2.S8)

f3 =( AGBN
SAG ,

1 / N-1

_ AGBN AGBN

AG' AG' J
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VO 2 = 41rrKO2 (102 -02 C ).

0

r mr r+L 9 6a(r+L 9+La r +Lg

1
" ([021+1,

v= .ii(r + L9

r +L

) 3

L/2+W

3
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Table 2.S4B Other equations in the main text and Supplementary Material listed in order of their
appearance.

dQ0 2 P2 +4K 0 2 ([02 ]-[02 ]c)-(Rs + Rm + Rp)
dt

R=Cys2 BIO

RP = 4KrKO2]02 + P0 2 - (yO2:BO +R)

dQCH = v DQCYCHBIO R_

dt CH -QC yO2:CH

dQ0 2  DQCYS022 BIO - mQC NO H -

dt PN

d[CH] - D(CH]N -[CH])-VCHXP
dt

fs +fe=

(2.2)

(2.3)

(2.5)

(2.6)

(2.7)

(2.10)

(2.S4)

(2.S9)feA G+fsAGBN= 0
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Table 2.S4C Chemical reactions and corresponding numbers. T-2.Sl indicates Table 2.Sl.
Reactions are listed in order of appearance.

Reaction Chemical equation Corresponding
number

N 2 + 8e- +8H +16ATP +16H20 -2NH3+ H 2 16ADP +16Pi (2.1)

Ra 02 + H++e- - H 2 0 (T-2.SI-1)
4 2

n -cC02 + -KHCO-+ c N2 + c+d1H++ --+
d__(d) 2d d

RCN jCnHaON+2n-b+c )H 20+ c H2  (T-2.S 1-2)

where, d=4n+a-2b+c

Rd -C 6 H1 2 06 + H 2 0 -+ C 2 H+ ++e- (T-2.SI -3)
24 4 4

5 10 10 5

1 5 1 1
RN -N 2 + -H + - -NH +-H2  (2.S6)

8 4 4 8

n- CO, + c NH + c HCO- + H+ +e-

RB d - 4c d -4c d -4c (2.S7)
-+ CnHaObN + 2n-b+c HOd - 4C d - 4c

67



S2.5 Nomenclature

Table 2.S5 Parameters, definitions and units used both in the main text and this supplementary

material. The parameters are listed roughly in order of appearance.

Parameter Definition Unit

Qo2 Intra-cellular oxygen mol 02 cell-'

t Time s

'02 02 production through photosynthesis

r Cell radius of the cytoplasm

-02 Effective diffusion constant of oxygen

92] Environmental oxygen concentration

[O2]c Cellular oxygen concentration

Rs Respiration associated with synthesis

Rm Respiration associated

RP Respiratory protection

mol 02 cell-1 s-'

m cell-'

m2 s-1

mol 02 m-3

mol 02 m-3

mol 02 cell-' s-'

mol 02 cell-1 s-'

mol 02 cell-' s-'

P Growth rate s-1

Qc Cellular carbon quota mol C cell-'
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Oxygen consumption : Biomass production in

biosynthesis

Carbohydrate per cell

Carbohydrate uptake rate

mol C cell-'

mol C cell-' s-'

D Dilution rate (average growth rate) s-1

ys H:BIO Carbohydrate consumption : Biomass production mol C mol C-,

in biosynthesis

dimensionlessPv Vitality ratio

m Maintenance rate

Oxygen consumption : Carbohydrate

consumption in non-synthesis respiration

V0 2  Oxygen uptake rate

0 Diffusivity constant of oxygen in water
KC0 2

Lg Cell membrane layer thickness

CMn Relative diffusivity of the cell membrane layer to

mol 02 mol C-'

mol 02 cell-' s-'

m2 s-I

m cell-'

dimensionless

water

Carbohydrate concentration in the chemostat mol C m-3

vessel
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[CHfw Carbohydrate concentration in the incoming

medium

X Number density of cells in the chemostat vessel

Cs Biomass specific carbohydrate consumption rate

V Cell volume

C Energy transfer efficiency

mol C m-3

cell m-3

mol C s-1 mol C-'

m3 cell-'

dimensionless

Protein concentration in the chemostat vessel

YPR:BIO Cellular protein: biomass

n Stoichiometric coefficient for C in the biomass

mol C mol C~

dimensionless

equation

a Stoichiometric coefficient for H in the biomass dimensionless

equation

b Stoichiometric coefficient for 0 in the biomass dimensionless

equation

c Stoichiometric coefficient for N in the biomass dimensionless

equation

d d=4n+a -2b+c dimensionless

Ra Half reaction for respiratory electron acceptance
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transfer efficiency not considered)

Whole cell reaction

fs Electron flow to biosynthesis

fe Electron flow to respiration

dimensionless

dimensionless
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kJ)XGa Free energy change for Ra

RCN Half reaction for biomass synthesis including

nitrogen fixation

LGCN Free energy change for RCN

Rd Half reaction for electron donation

AGd Free energy change for Rd

Rpy Half reaction for pyruvate synthesis

Gpy Free energy change for Ra

Re Respiratory reaction

AGe Free energy production from respiration (energy

transfer efficiency not considered)

Rs Biomass synthesis reaction including nitrogen

fixation

AGs Free energy change for biomass synthesis (energy

i

z kJ

kJ

Rceii

kJ

kJ



AGn Free energy required for nitrogen fixation and kJ

electron donation

AG2ATP Free energy produced by 2 ATP consumption kJ

AGI Free energy required for biomass synthesis with kJ

ammonium as a nitrogen source

j Modifier for energy transfer efficiency dimensionless

AGpc Free energy consumption for biomass production kJ

with pyruvate as a carbohydrate source and

ammonium as a nitrogen source

AG' Available free energy from respiration kJ

AGr Notation used for AGe in Rittmann and McCarty kJ

(2001)

AGp Notation used for AGpy in Rittmann and McCarty kJ

(2001)

RN Half reaction for nitrogen fixation

RB Half reaction for biomass synthesis with

ammonium as a nitrogen source

AGBN Free energy requirement for biomass synthesis kJ

including nitrogen fixation
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Ea Alginate-layer/water diffusivity ratio

La Thickness of the alginate layer

11 Constant value for 6 a

12 Power influence for Ea

dimensionless

m cell-'

mol 02 m-'

dimensionless

L Cell length based on observation

W Cell width based on observation
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Chapter 3

On microbial nitrogen fixation in the presence of fixed

nitrogen

3.1 Abstract

Nitrogen fixation is vital in global biogeochemical cycles, providing bioavailable nitrogen to the

biosphere. The availability of organic carbon provides energy and electrons to fuel nitrogen

fixation, while the presence of oxygen and ammonium are known suppresses this process.

However, in some environments, such as in soil, benthic sediments, or even surface ocean, active

nitrogen fixation is observed under high oxygen and/or ammonium pressure. Here we ask, what

are the conditions that allow nitrogen fixation? To understand organic carbon, oxygen and

ammonium co-limitation of nitrogen fixation, we have adapted the cell flux model of

Azotobacter vinelandii, described in Chapter 2, to simulate laboratory experiments where it was

grown in the presence of ammonium. We hypothesize that the organism optimizes its nitrogen

use strategy (i.e. ammonium and/or nitrogen fixation) so as to maximize population size at a

given growth rate in continuous culture. Under this assumption, the model reproduces the growth

related parameters and nitrogen fixation rates of Azotobacter vinelandii and suggests that even

under high pressure of oxygen and/or ammonium, nitrogen fixers will fix nitrogen as long as

sufficient carbon is available to protect nitrogenase from oxygen. This simple rule provides

useful inferences to the occurrence of nitrogen fixation in various ecosystems, such as soil,

benthic sediment and ocean surface. At the same time, the model provides simple and

mechanistic framework for studying global nitrogen fixation.
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3.2 Introduction

Nitrogen fixers play an important role in both the ocean and terrestrial environments, providing a

pathway for reducing stable dinitrogen into bioavailable nitrogen. About 50% of bioavailable

nitrogen is due to nitrogen fixation both in land and ocean (Gruber and Galloway, 2008). What

controls the rate of nitrogen fixation? One of the major controls is the availability of organic

carbon, which provides material for synthesis and energy for nitrogen fixation. Nitrogen fixation

requires 16ATP per N2 fixed (Sohm et al., 2011), and much energy is derived from catabolism of

photosynthetically fixed carbon or heterotrophically obtained carbon.

On the other hand, nitrogen fixation can be limited by oxygen (e.g. Wang et al., 1985;

Pool and Hill, 1997; Oelze, 2000) and ammonium (e.g. Ohmori and Hattori, 1972; Neilson and

Nordlund, 1975; Howarth et al., 1988; Welsh et al., 1997). When the oxygen concentration in

the cell is high, an Fe-protein, a Mo-Fe-protein, and other metal co-factors of nitrogenase

(nitrogen-fixing enzyme), are oxidized (Gallon, 1981). Once these co-factors are oxidized, the

ability of nitrogenase to fix nitrogen is decreased. Thus, oxygen can potentially limit the growth

of nitrogen fixers (Robson and Postgate, 1980; Inomura et al., accepted).

The presence of ammonium in the cell suppresses nitrogen fixation both chemically and

genetically. Uptake of ammonium causes the electron potential to decrease, which inhibits the

flow of reducing equivalent to nitrogenase, hindering nitrogen fixation (Laane et al., 1980). In

addition to this direct effect, high intracellular concentration of ammonium leads to

downregulation of nif genes (Dixon and Kahn, 2004), decreasing the synthesis of the nitrogenase

complex.

However, some nitrogen-fixing microbes fix nitrogen when oxygen and/or ammonium is

present. In aquatic environments, some major nitrogen-fixing cyanobacteria even fix nitrogen
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while undergoing oxygenic photosynthesis (Berman-Frank et al., 2003). The soil bacterium,

Azotobacter vinelandii is also known to fix nitrogen under high oxygen pressure; as high as air

saturation (the ground level air with 02 mixing ratio of about 21%) (Post et al., 1983), and even

at oxygen concentrations 2.5 times higher than ambient air (Hashimoto et al., 2013). To protect

nitrogenase from intracellular oxygen, the cells may increase their respiration rate higher than

energetically necessary (Kuhla and Oelze, 1988; Inomura et al., accepted; Chapter 2). This, so

called Respiratory Protection is known to happen when the cell is fixing nitrogen (Dalton and

Postgate, 1969; Poole and Hill, 1997).

While some studies report that ammonium inhibits nitrogen fixation in marine sediments

(Howarth et al., 1988), others find nitrogen fixation occurring while ammonium is available

(Koike and Hattori, 1978; Bertics et al., 2010). How can we reconcile these contrasting results?

Since in benthic sediments, there is a sharp gradient of oxygen, it is possible that oxygen also

influences the magnitude of nitrogen fixation together with ammonium. Also, since the sediment

also has variation in availability of organic matter, which is important in respiration and nitrogen

fixation, the concentration of organic matter may influence the level of nitrogen fixation.

How do carbon, oxygen and ammonium control nitrogen fixation? A chemostat culture

study of Azotobacter vinelnadii by Bihler, et al. (1987a, 1987b) provides some hints for

ammonium-oxygen-carbon co-limitation of nitrogen fixation. In their study, they varied the C/N

ratio (sucrose to ammonium ratio) in the incoming medium of continuous cultures of

Azotobacter. At the same time, they created four different oxygen concentrations in the medium.

Their results show that a high C/N ratio leads to higher nitrogen fixation, and that the nitrogen

fixation rate is highest at lowest oxygen concentration (points in Figure 3.1A).
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Figure 3.1 Continuous culture of Azotobacter vinelandii with observed data (points) redrawn from BUhler

et al., 1987a for (A)-(C) and Bihler, et al., 1987b for (D). (A) Protein concentration in the medium. (B)

Respiration rate per protein. (C) Yield (Biomass production per sucrose consumption). (D) Nitrogen

fixation rate. In (D) "+" are obtained based on acetylene reduction, and " X " are based on the rate of total

nitrogen incorporation (Bthler, et al., 1987b). Solid lines are the corresponding simulations from this

work. The model reproduces the variation of growth related parameters for different C/N ratios of the

incoming medium, and oxygen concentrations: red, 02=5%; green, 02=15%; blue, 02=30%; cyan,

02=60%. The dilution rate is constant: 0.15 (h).
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However, their studies do not make clear why the respiration rate stays constant while the

C/N ratio (sucrose to ammonium ratio in the incoming medium) increases when Azotobacter

fixes nitrogen, as can be seen in Figure 3.1B. A mechanistic understanding of why nitrogen

fixation happens while ammonium is present has continued to be elusive. B~hler et al's

experiment shows, as the oxygen concentration increases, the C/N ratio at which the nitrogen

fixation beginning increases (Figure 3. 1D). A quantitative model may provide useful inferences

into the control of nitrogen fixation in the presence of oxygen and ammonium.

Finally, there has not yet been a clear understanding of the cell yield (biomass

production per carbohydrate sources) based on the C/N ratio and the oxygen concentration in the

cell. The yield in Bahler, et al., (1987a) tends to decrease until it reaches a steady level as the

C/N ratio increases (Figure 3.1 C). The cause of the decreasing yield with the increasing C/N

ratio has yet to be well understood. This understanding of the yield can also provide important

insight into the control of nitrogen fixation, because the yield coefficient influences the growth

of nitrogen fixers, thus, nitrogen fixation of a community.

To mechanistically understand, clarify and interpret these results, we have adapted the

cell flux model applied to Azotobacter vinelandii (Inomura et al., accepted; Chapter 2). We have

assumed that a single cell can combine nitrogen fixation and ammonium uptake, and the cell

flexibly changes the ratio of nitrogen fixation and ammonium uptake to maximize the population

size at a given growth rate. Based on this assumption, the model predicts many aspects of the

laboratory data and provides a mechanistic understanding of carbon-oxygen-ammonium co-

limitation of nitrogen fixation.
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3.3 Model description

We adapt the previously developed cell flux model (Inomura et al., accepted) to simulate the

physiology of Azotobacter vinelandii in the presence of oxygen and ammonium. The model is

suitable for this study since it captures the fluxes of essential chemical components while it is

simple enough to provide the overall understanding of what is happening in the cell. The model

describes a simple metabolic flux network in the cell and nutrient uptake by diffusion. The

intracellular metabolic fluxes are constrained by mass and electron balance. There are two main

pathways: biomass production (including nitrogen fixation) and respiration.

Here, we define critical oxygen concentration as the concentration above which the

nitrogen fixation is hindered. When the oxygen concentration is below the critical oxygen

concentration, the cell is assumed to respire the minimum amount of carbohydrate to fuel

biomass synthesis. When the intracellular oxygen concentration reaches the critical level, the

respiration rate is constrained in order to maintain the intracellular oxygen concentration at the

critical level. In this case, the cell produces more energy than necessary for biomass production.

We will define f as the ratio of nitrogen fixation to the entire nitrogen source rate, and

the ratio of ammonium uptake to the entire nitrogen source becomes 1 - f. We will assume that

the cells optimize f in such a way as to maximize the population in continuous culture (Figure

3.2). Details of the model are provided in the Supplementary Material in this chapter, Chapter 2,

and its Supplementary Material. The C/N ratio of the modeled incoming medium is varied within

the same range as Bohler et al. (1987a, 1987b). There are three cases based on the nutrient

limitation and on nitrogen fixation explained as follows.
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Figure 3.2 Schematic diagram of the steady state chemostat culture box model with

carbohydrate and ammonium in the medium. Nutrients are used for the growth and division of

cells. Nutrient uptake and cell growth are computed based on the cell flux model (Chapter 2).

We assume that the concentration of N 2 is never limiting to nitrogen fixation, since the

medium is an open system to the atmospheric nitrogen.

Carbohydrate limited case

At the low range of the C/N ratio, the growth of the cell is limited by the rate of carbohydrate

supply. In this case, the population of the cells increases linearly to the C/N ratio when N

(ammonium) input is constant. As there is available ammonium in the media, the cell does not
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fix nitrogen as this would decrease the average growth efficiency (i.e. decreasing yield due to the

high energetic costs), thus maximizing the community production.

Ammonium limited case

As the C/N ratio increases, ammonium becomes the limiting factor. Nitrogen fixation would be

an additional source of the nitrogen that can be incorporated into the biomass. However, if the

intracellular oxygen concentration is higher than the critical level, nitrogen fixation does not

occur. This happens if there is not sufficient excess carbohydrate to reduce intracellular oxygen

to the critical level after expenditure on biosynthesis. Thus, the population of the cells is limited

by the available ammonium. However, during this phase, we have assumed that the cell respires

as much carbohydrate as possible to reduce the intracellular concentration to the lowest possible

level (see discussion later).

Nitrogen fixing case

In this case, there is sufficient excess carbohydrate, relative to the needs for biosynthesis, and the

oxygen concentration in the cell is reduced to the critical level. The cell consumes virtually all

the available ammonium and sufficient carbohydrate is available to eliminate oxygen and to

provide electrons and energy to sustain nitrogen fixation. Another way of describing this is to

consider that the cell optimizes the f value (the ratio of nitrogen fixation to total nitrogen supply)

to maximize community production. It is straightforward to evaluate f which maximizes the

standing population in the model (see Supplementary Material 3.S5).
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Figure 3.3 The metabolism of the cell changes based on the C/N ratio of the resource in order
to maximize the population. As C/N ratio increases the cell metabolism shifts from
carbohydrate limited to ammonium limited, and then to nitrogen fixation (Cases A-C in this
figure). Unless the oxygen concentration is small, nitrogen fixation requires respiratory
protection, which necessitates high C/N ratio.
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3.4 Results and discussion

The four graphs in Figure 3.1 compare simulations where the f value is optimized for

maximizing biomass concentration, to the laboratory data for growth related parameters: protein

concentration in the vessel, respiration rate, molar yield coefficient, and nitrogen fixation rate.

We have obtained these parameters for different incoming C/N ratios and at different 02

concentrations. The protein concentration is stable when ammonium is limiting population, and

when the population is carbohydrate limited, it increases with C/N ratio. Respiration rates

increase with C/N ratio when ammonium is limiting population but stays constant when the

population is limited by carbohydrate. The yield values (the biomass production per

carbohydrate sources) vary inversely in relation to the respiration rate. Also, nitrogen fixation

rates show a non-linear increase (decreasing slope) with the incoming C/N ratio. Based on the

simple assumption that the cell takes the strategy that maximizes the population, the model

reproduces the laboratory results in (Bihler et al., 1987a, 1987b). The concordance of model and

data demonstrates that the Azotobacter vinelandii optimizes the metabolism for each nutrient

phase, maximizing population.

Protein concentration

The model shows three distinct phases based on the C/N ratio (Figure 3.1-A): low, medium and

high C/N ratio. At low and high C/N ratio, C/N ratio influences protein concentration positively,

while at medium C/N ratio it stays constant. Oxygen negatively influences protein concentration

especially at high C/N ratio. The model results quantitatively reproduce the experimental data

(Biihler et al., 1987a, 1987b).
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At low C/N ratio, the protein production is limited by carbohydrate. Thus, as the

carbohydrate concentration increases, the protein production increases. In this phase, the cell

does not fix nitrogen for several reasons. 1) There is an excess amount of ammonium available in

the chemostat vessel. Since in this phase, carbohydrate is the growth limiting factor, even after

consuming necessary amount of ammonium, there is still some available ammonium left in the

chemostat culture. 2) Using ammonium is more energetically favorable than nitrogen fixation.

There is higher energy demand for breaking the triple bond of nitrogen. 3) Fixing nitrogen

requires an electron donor. Since N 2 is the more oxidized state than NH 4', the electron supply -

thus additional carbohydrate consumption- is necessary. During this phase, the carbohydrate is

the growth limiting factor. Thus, the cell optimizes the carbohydrate consumption for the growth

by using available ammonium instead of fixing nitrogen. 4) The oxygen concentration in the cell

is higher than the critical oxygen concentration. As the cell allocates carbohydrate for the

production of biomass to maximize the production, the cell respires the minimum amount to

provide just enough energy for the biomass production. Based on the model computation, this

minimum respiration is not sufficient to decrease the oxygen concentration enough for the

nitrogen fixation.

As the C/N ratio increases to a medium C/N ratio, ammonium becomes the growth

limiting factor and the protein concentration stays constant for different C/N ratio. Based on the

given biomass elemental ratio, at around the C/N ratio of 0.6, ammonium becomes the growth

limiting factor. Since in this model, the ammonium input stays constant, and the production is

limited by the nitrogen source, the protein concentration stays constant. During this ammonium

limiting phase, the excess carbohydrate is used for the extra respiration to decrease the
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intracytoplasmic oxygen concentration. However, the oxygen concentration is still above the

critical level. Thus, nitrogen fixation does not occur.

Finally, as the C/N ratio exceeds a certain point, the protein concentration starts to

increase as the C/N ratio increases. This increasing protein concentration is caused by increasing

nitrogen fixation rate. During this phase, the intracytoplasmic oxygen concentration is decreased

to or stays below the critical oxygen concentration, allowing nitrogen fixation. As the C/N ratio

increases, there is more carbohydrate available for providing electron for reducing N 2 to NH4 ',

increasing nitrogen fixation. As nitrogen fixation increases, there is a higher amount of nitrogen

available for protein production. Thus, protein concentration increases withf values. For the

same amount of ammonium resource, increasing fvalues leads to higher protein concentration,

since it leads to higher amount of nitrogen incorporated into protein. During this nitrogen fixing

phase, the cell consumes most ammonium from the environment as it is more energetically

favorable. The optimization of the nitrogen source determines the point where the cell uses all

the available ammonium and carbohydrate to maximize the production.

As the environmental oxygen concentration increases, the C/N ratio at which nitrogen

fixation starts (critical C/N ratio) increases. When the oxygen concentration in the environment

increases, the cell needs more carbohydrate to decrease the intra-cytoplasmic oxygen

concentration. The environmental oxygen concentration also influences the slope of Figure 3.IA.

As the oxygen concentration increases, the slope tends to decrease. This is because each cell

consumes more carbon for the same protein production to decrease the intra-cytoplasmic oxygen

concentration when the environmental oxygen concentration is high.

Respiration rate
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Similar to protein concentration, respiration rates show three distinct phases based on the C/N

ratio (Figure 3.1-B). The respiration rates stays constant at low and high C/N ratio and increases

during medium C/N ratio. Due to the limiting data points, it is unclear if this constant respiration

represents the experimental data. However, the model predicts the magnitude of the experimental

data in Bthler, et al, (1 987a). At medium and high C/N ratio, the model reproduces the data,

capturing the slope change in between two phases.

At low C/N ratio, respiration is at the minimum level in order to save carbohydrate. At

medium C/N ratio, when ammonium is limiting the population, respiration increases with C/N

ratio, using excess carbohydrate. Finally, at high C/N ratio, respiration stays constant at the level

where intracellular oxygen concentration is minimum, allowing nitrogen fixation. The model

captures overall trend where respiration rate increases with the C/N ratio until the intracellular

oxygen concentration is minimized. This result indicates that energetically excess respiration is

hard-wired and occurs even when nitrogen fixation does not take place as long as extra

carbohydrate is available.

At medium C/N ratio, the cell becomes nitrogen limited with excess carbohydrate. The

cells use this excess carbohydrate for respiration, resulting in increasing respiration rate with C/N

ratio. This is due to the model assumption that the cell respires all the excess carbon.

Concordance with the model result to the laboratory data indicates that this assumption is likely

to be true in Azotobacter, and respiration is not physiologically down-regulated during nitrogen

limited case, possibly showing that the cells are preparing for nitrogen fixation, but unaware

whether there is sufficient excess carbohydrate to allow it.
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Finally, after nitrogen fixation initiates, respiration stays constant. This constant

respiration rate represents the necessary amount of respiration for maintaining the intra-

cytoplasmic oxygen concentration at the critical level.

Yield

The Yield value has an inverse relation to the respiration rate (Figure 3.1C). At low C/N ratio,

respiration rate is minimum, leading to the high molar yield coefficient. During the medium C/N

ratio, the molar yield coefficient decreases with the C/N ratio, since the respiration rate increases,

wasting carbohydrate. At the high C/N ratio, molar yield coefficient stays constant at the lowest

level, since the respiration rate is highest during this phase. At the lowest end of the C/N ratio,

there is some mismatch between the model and the laboratory data, indicating that some other

factors are involved. It might be that the organism cannot achieve the minimum level which is

balanced by the energy consumption of other pathways. Also, it is possible that extreme low

carbohydrate concentrations in the environment work against the uptake of carbohydrate,

decreasing the biomass production. However, in other aspects (1 < C/N in Figure 3.1C), the

model matches the data, indicating that the model successfully predicts the carbon metabolism.

Nitrogen fixation rate

The model results show two phases in protein specific nitrogen fixation rates: the low-medium

C/N ratio and high C/N ratio (Figure 3.1-D). The specific nitrogen fixation rate is positively

influenced by C/N ratio and negatively impacted by 02 concentration.

In general, C/N ratio positively influences the nitrogen fixation rate since carbon fuels

nitrogen fixation providing energy and electron sources. However, at the low-medium C/N ratio,
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nitrogen fixation does not occur since the intracellular oxygen concentration is too high. At the

high C/N ratio, more carbon is consumed for respiration (more detailed explanation in the later

section "Fate of carbohydrate substrate" with Figure 3.6), and oxygen concentration is reduced to

the level where nitrogen fixation occurs. During the nitrogen fixation phase, the nitrogen fixation

rate increases non-linearly (decreasing slope with increasing C/N ratio), based on the predicted

N2:NH4' that optimizes the population (Figure 3.4). This result is based on the assumption that

cell choose N2 or NH 4' (i.e.fvalue) in the ratio that maximize the population, and the non-liner

increase of nitrogen fixation closely reproduces the laboratory data of Bihler et al. (1 987b)

(Figure 3.1D). This concordance of the model to the laboratory data indicates that the observed

inhibition of nitrogen fixation by ammonium might be for the cells to preferentially use up

ammonium before investing in respiratory protection and nitrogen fixation in order to maximize

the population/community production..

02 concentration negatively influences the magnitude of the specific nitrogen fixation

rate. As 02 concentration increases, so too does respiration rate. Thus, more carbon is channeled

into respiratory protection (more detailed explanation in the later section "Fate of carbohydrate

substrate" with Figure 3.6), and nitrogen fixation rate becomes relatively low. Since nitrogen

fixation only occurs when intracellular 02 concentration is low, the C/N ratio where nitrogen

fixation initiates, increases with 02 concentration. When the 02 = 5% nitrogen fixation is the

major source of nitrogen accounting for about 80% of nitrogen in biomass at a C/N ratio of

higher than 8 (Figure 3.4). However, when 02=60%, most of nitrogen source is ammonium when

C/N ratio is lower than 8, and even at C/N ratio=15, only about 50% of biomass nitrogen is

based on nitrogen fixation (Figure 3.4).
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Figure 3.4 The model prediction of nitrogen source ratio (N2 : NH4 +, i.e.]) for different 02

concentrations and C/N ratios. Cyan: direct ammonium uptake. Red: nitrogen fixation. The
ratio of nitrogen fixation decreases with 02 concentration, and increases with C/N ratio. Under
high 02 pressure, the cell has to use high carbohydrate resource for respiratory protection. As a
result, small proportion of carbohydrate is channeled into nitrogen fixation, which leads to low
proportion of nitrogen fixation. However, as C/N ratio increases, more carbohydrate can be
channeled into nitrogen fixation, contributing to a higher ratio of nitrogen fixation.

The model predicts the nitrogen fixation rate per culture volume (Figure 3.5). While the

specific nitrogen fixation rate increases non-linearly with C/N ratio, nitrogen fixation rate per

volume increases linearly. At C/N=8, at 02=5%, the nitrogen fixation is about 25 (nmol min-'

ml-1 ), while at 02=60%, it is nearly zero. Nitrogen fixation rate per volume is the product of
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these values, and oxygen influences the protein concentration (Figure 3.1 A), and the protein

specific nitrogen fixation rate (Figure 3.1D). Since oxygen influences both values negatively, the

negative influence of oxygen on the nitrogen per volume is amplified. As a result the nitrogen

fixation rate per volume is even more significantly influenced by oxygen than specific nitrogen

fixation rate.
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Figure 3.5 The model prediction of nitrogen fixation per volume of the culture; red, 02=5%;
green, 02=15%; blue, 02=30%; cyan, 02=60%. Dilution rate is constant: 0.15 (h'). The
influence of the oxygen concentration is more significant in nitrogen fixation per volume of
the culture than nitrogen fixation per protein. This is due to the amplifying effect; increasing
nitrogen fixation per protein leads to high population, which leads to even higher nitrogen
fixation per volume culture.

Fate of carbohydrate substrate

In order to understand C-02-NH4 co-limitation on the growth, we have computed the fate of

carbohydrate (Figure 3.6). In this model, carbohydrate will eventually be used for one of the
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following: respiratory protection, respiration for nitrogen fixation, respiration for biomass

production, electron donation for nitrogen fixation, and biomass production (Inomura et al.,

accepted). Respiratory protection is the respiration exclusively for scavenging oxygen.

Respiration for nitrogen fixation and biomass provides energy necessary for each purpose. The

fate of carbon is influenced by both C/N ratio and oxygen concentration.

As the C/N ratio increases, more carbon is channeled into nitrogen fixation and

respiration. Increasing the C/N causes "excess" of carbon. When nitrogen fixation occurs, as the

C/N ratio increase, more carbon can be channeled into nitrogen fixing related metabolism

(respiration for nitrogen fixation and electron donation for nitrogen fixation), resulting in higher

nitrogen fixation. As a result, the ratio of nitrogen fixation for nitrogen source increases. This

results in decreased energy efficiency for biomass production, leading to higher respiration for

biomass production. As the cell fixes more nitrogen, the protein concentration increases, since

nitrogen is essential for protein production especially when fixed nitrogen (NH 4 , NO, etc.) is

scarce.

02 concentration influences the extra respiration, which indirectly influences nitrogen

fixation related carbon use. High oxygen concentration requires high respiratory protection in

order to counteract the passive oxygen uptake so that nitrogen fixation occurs. However, at lower

C/N ratio, there is not enough carbohydrate source for sufficient respiratory protection. In order

for nitrogen fixation to occur, the C/N ratio is higher than a certain level (critical C/N ratio). This

critical C/N ratio increases with 02 concentration, since higher respiratory protection or higher

carbon is required when the oxygen concentration is high. In addition, when nitrogen fixation

occurs, relatively less carbon is channeled into nitrogen fixation if oxygen concentration is high,

due to the higher carbon requirement for respiratory protection. In summary, oxygen

93



concentration negatively influences the nitrogen fixation related carbon use, and as a result,

negatively affects nitrogen fixation.

02=5%

14

12

1

221

02=30%

Ii 1Ii 2 .1
CN 114 md I~I 'l N ;11111114) 41111

02=60%

14

12

10

GI

11

12

1(4

(1 2 1 1 ' 1 2 11
C/N (111()1 C S1t1 U8U1114l N a11L1n1n)c/

Respiratory protection

Respiration for N2 fixation

4' 2 1 1) 11 1l 2 11
C )N (111(, l C l Na ;10 111111141J1111)

Electron donation for N, fixation

Biomass production

02=15%

* Respiration for biomass production

Figure 3.6 Fate of carbohydrate substrate for various 02 concentration and resource C/N
ratios. 02 concentration increases respiratory protection, while C/N ratio increases nitrogen
fixation when the C/N ratio is above the threshold. However, at low C/N ratio below the
threshold, increasing C/N ratio does not make any carbohydrate channeled into nitrogen
fixation. Instead, increasing carbohydrate is channeled into respiratory protection until the C/N
ratio reaches the threshold. Electron donation for N2 fixation refers to the carbohydrate
consumption assuming 100% electron transfer efficiency.
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Model prediction in various ammonium resource concentrations

To access the impact of ammonium and oxygen on the growth and nitrogen fixation of nitrogen

fixing microbes, we have run the model for different ammonium concentrations in the incoming

medium. In this run, the carbohydrate concentration is set at 225 (mol C m 3 ) and NH4 '

concentration was varied between 0 and 15 (mol N M-3 ) in the incoming medium, while in the

previous simulation, we have varied sucrose concentration and fixed NH 4+ concentration. The

culture 02 concentration was set at 5%, 15%, 30% and 60% as in the previous experiment. As

the ammonium concentration increases, with some exceptions the model shows three phases in

the following order: nitrogen fixation phase, ammonium limiting phase, and carbohydrate

limiting phase.

During nitrogen fixation phase higher ammonium suppresses nitrogen fixation, but

protein concentration stays almost constant except 02=5% where protein concentration increases

with NH 4 '. The reason for this constancy is stable carbohydrate consumption rate per cell

(Figure 3.7). When there is respiratory protection, the total respiration is constrained by oxygen.

Although the electron donation for nitrogen fixation decreases with ammonium, as more nitrogen

fixation is replaced by direct ammonium uptake, the carbohydrate consumption allocated for this

electron donation is limited (Figure 3.7B~D). Therefore, during nitrogen fixation phase, when

there is relatively high oxygen concentration, as long as carbohydrate resource is constant,

adding more ammonium will not increase the protein concentration significantly. However,

when 02=5%, at low NH 4' input, there is no respiratory protection. In this case, overall

carbohydrate consumption per cell decreases with decreasing respiration as more nitrogen

fixation is replaced by direct ammonium uptake. As a result, the protein concentration increases.
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Thus, during nitrogen fixation phase, it is more advantageous to have higher NH4' when oxygen

concentration is low.

The ammonium concentration in the incoming medium influences the protein

concentration most when there is no nitrogen fixation and the culture is ammonium limiting.

During this phase, as the cells use ammonium as the only nitrogen source for protein production,

the protein concentration increases proportionately to ammonium resource concentration. As the

ammonium resource concentration increase, respiration rate decreases, since smaller

carbohydrate resources are allocated to each cell.

When the respiration rate hits the minimum respiration (the point when respiratory

protection become zero in Figure 3.7C-D), the protein concentration becomes carbon limiting,

and therefore, constant for the same amount of carbohydrate resources Figure 3.7A. In other

words, during carbon limiting phase, the model predicts that ammonium has no influence on

protein or nitrogen-fixation rate (Figure 3.7). However, it is possible that the cell stores excess

nitrogen in nitrogen rich molecules such as cyanophycin (Saito et al., 2011).

96



.1

7
/

7
7

7

I M

N1l'
1 I 12 14

02=5%

H ol III ;I
12- I I

Respiratory protection

Respiration for N) fixation

02=60%

12

(I 2 u Na l i
12) 14

Electron donation for N, fixation

Biomass production

Respiration for biomass production

Figure 3.7 Protein concentration, nitrogen fixation rate, and fate of carbon for various oxygen
concentrations and ammonium resource concentrations. For the top two diagrams, red,
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assuming 100% electron transfer efficiency.
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Nitrate influence on nitrogen fixation

Nitrate is also known to inhibit nitrogen fixation (Nelson and Knowles, 1978; Capone, 1988).

However, quantitative understanding of how much nitrate inhibits nitrogen fixation has not been

provided. Since nitrate is more abundant than ammonium in some regions (e.g. Woodward and

Rees, 2001), understanding the degree of the inhibition can provide important implication in the

ecosystem and biogeochemical cycling. Here we provide a brief discussion of nitrate inhibition

based on the cell flux model. The model implies the influence of nitrate differs between two

cases: when respiratory protection occurs and when not.

When respiratory protection happens, the model implies that the degree of nitrate

inhibition is similar to or slightly higher than ammonium inhibition. Since there is extra

carbohydrate cost for reducing nitrate to ammonium, there is slightly lower carbohydrate that can

be channeled toward nitrogen fixation. This implication coincides with that the threshold

concentration of nitrate (there concentration in which nitrogen fixation is inhibited), is slightly

higher for nitrate than ammonium (Capone 1988). However, under high oxygen pressure, since

the large part of the carbohydrate cost is for respiratory protection, and excess energy is

produced (i.e. nitrate reduction is not energy limited), the total carbohydrate costs are similar.

Therefore, it is predicted that the degree of inhibition of nitrogen fixation between nitrate and

ammonium is similar.

On the other hand, when there is no respiratory protection nitrate inhibition might not be

as strong as ammonium inhibition. Since the direct energy cost of nitrogen fixation is relatively

small in the cell scale (Inomura et al., accepted) and nitrate reduction requires more electron, if

there is no need for respiratory protection (the potentially large cost for nitrogen fixation), the

cell may not benefit choosing nitrate over nitrogen fixation. This implication is demonstrated by
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heterocystus cyanobacteria Anabaena cylindrical. Since Anabaena's heterocysts (nitrogen

fixation specialized cells) have a low 02 diffusive layer, respiratory protection is rarely required

(Inomura et al., accepted), and their nitrogen fixation is less strongly inhibited by nitrate

(Ohmori and Hattori, 1972).

3.5 Implication for nitrogen fixation under various oxygen-and-ammonium-

existing environments

Our model together with the laboratory data of BUhler, et al. (1 987a, 1987b) indicates that

nitrogen fixation happen even in the presence of oxygen and ammonium resources if excess

carbon is available. In this section, we discuss nitrogen fixation in various oxygen-and-

ammonium-existing environments: soil, benthic sediment, and ocean surface.

Free living soil micro-organisms

Based on the model, we hypothesize that nitrogen fixation occurs at or near the surface. In

general, organic carbon decreases with depth (Jobbigy and Jackson, 2000), but oxygen decreases

more sharply than organic carbon (Sexstone, et al., 1985; Lidemann, et al., 2000). The

distribution of ammonium is less clear. If we assume the same level of ammonium sources, for

nitrogen fixation to occur, low oxygen and high organic matter is required. Since oxygen

concentration drops sharply within a few millimeters, while high concentration of organic layer

continues up to Im (Jobbaigy and Jackson, 2000), we predict that the optimum condition does not

appear right on the surface, but somewhere below the surface but not deeper than I m. This

prediction coincides with the observation by Hanson (1977), where the highest nitrogen fixation
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rates are observed below top layer in most cases, and by H6gberg and Kvarnstrbm (1982), where

the peak of nodule biomass, in which nitrogen fixation occurs, is between 10 and 30cm deep.

Near the root, oxygen concentration is high relatively to surrounding soil (Armstrong et

al., 2000), but it is much smaller than atmospheric oxygen concentration (less than 1% of

atmospheric pressure in the root in flooded soil (Armstrong et al., 2000). Based on the model,

respiratory protection is not needed around near roots. Since root provides organic matter, and

some oxygen is necessary for respiration providing energy for biosynthesis and nitrogen fixation,

we hypothesize that nitrogen is favored near the root. This hypothesis is supported by the

observation that nitrogen fixers colonize on the surface of the roots (Cocking, 2003).

Benthic nitrogenfixers

In benthic sediment in the ocean, similar to the soil, the oxygen and organic carbon decreases

with deapth (Risgaard-Petersen, et al., 1994; Cai and Sayles, 1996; D'Hondt, 2015). However, in

some places organic matter decreases more rapidly than oxygen while in other places the

opposite occurs (D'Hondt, et al., 2015). Based on the model, the latter sediment facilitates

nitrogen fixation more, since such sediment would provide the sweet spot of high organic carbon

and low oxygen below the sediment surface in a similar manner to the soil.

Since model result shows that in the steady state, ammonium concentration is low during

nitrogen fixation, it does not explain how nitrogen fixers fix nitrogen in sediment while there is

still a high concentration of NH4' in the environment. However, the model indicates that even

when the cell assimilate NH4* at a high rate, the excess organic carbon resource may enable

nitrogen fixation in the benthic sediment. We hypothesize that since organic carbon is more

efficiently exported than organic nitrogen (Hopkinson and Vallino, 2005), the resource for the
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benthic sediment has high C/N ratio, contributing to nitrogen fixation even under the presence of

ammonium. Also, we predict that due to the high C/N ratio of the organic matter (e.g. Kahler and

Koeve, 2001), the deep ocean sediment above which surface water has low nitrogen

concentration may have a higher nitrogen fixation rate.

Surface ocean phototrophic nitrogen fixers

In the ocean, One of the most active nitrogen fixers is Trichodesmium, that fix 4.8 X 1012 (g) of

nitrogen, which is 1/20 of terrestrial and 1/8 of industrial nitrogen fixation (Capone and

Carpenter 1982). In a large part of the ocean, ammonium concentration is low as well as nitrate

(nanomolar) (Woodward and Rees, 2001). However, since Trichodesmium produces 02

themselves, the cells are under high oxygen pressure. Although the temporal and spatial

segregation may help them avoid oxygen during nitrogen fixation (Berman-Frank et al., 2001),

the oxygen management mechanism of Trichodesmium is not fully understood. However, our

model results show that in order to manage such high oxygen pressure, they have to fix a

significantly high amount of carbon, favoring moderately high light intensity. This might be one

of the reasons why Trichodesmium exist at relatively shallow depths of the ocean (e.g. Capone et

al., 1997).
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3.6 Summary and conclusions

In order to study how carbon, oxygen and ammonium co-limit nitrogen fixation, we have

adapted the cell flux model (Inomura et al., accepted) to consider environments where carbon,

oxygen and ammonium are supplied/present. The model is based on the assumption that the cell

can optimize metabolic fluxes in the way that the population is maximized for a given growth

rate. This assumption leads to the three distinct phases of the metabolic fluxes for the different

C/N ratio: carbohydrate limiting phase, ammonium limiting phase, and nitrogen fixing phase.

The model reproduces the quantitative pattern of growth related parameters and nitrogen fixation

rates of Azotobacter vinelandii (BUhler, et al., 1987a, 1987b). With this concordance, we

hypothesize that nitrogen fixers fix nitrogen when it increases population based on the available

resources. Especially, nitrogen fixers fix nitrogen even under high oxygen/ammonium pressure,

if they acquire excess carbohydrate.

The model answers the following questions that we asked in the introduction.

How do carbon, oxygen and ammonium co-limit nitrogen fixation?

We provided the detailed mechanism in the result and discussion section, but overall the model

showed the following trends. Carbohydrate resources positively influence nitrogen fixation, but

have no effect on nitrogen fixation below the threshold C/N ratio due to the high intracellular

oxygen concentration. Oxygen negatively influences nitrogen fixation. It increases the threshold

C/N ratio and decrease the magnitude of nitrogen fixation. Ammonium suppresses nitrogen

fixation, but increases population. The population increase is especially pronounced above the

threshold ammonium concentration, above which nitrogen fixation does not occur.

When nitrogen fixation occurs, why does the respiration rate stay constant with increasing C/N

ratio?
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This constant respiration can be explained by respiratory protection. Except for low oxygen

cases, respiratory protection occurs so that the intracellular oxygen concentration is minimized.

During this phase, the respiration rate is constrained by the oxygen concentration, since a certain

level of respiration is needed to counteract the passive oxygen uptake. Thus, for the same oxygen

concentration, the respiration rate stays constant. As the C/N ratio increases, more carbon is

available for supporting larger number of cells. This leads to increasing population and protein

concentration during nitrogen fixation phase.

What makes the yield coefficient decrease with increasing C/N ratio?

The sharp decrease in the yield coefficient with the increasing C/N ratio is the result of linearly

increasing respiration rate during ammonium limited phase. During this phase, increasing carbon

resource is channeled into respiratory protection. As the respiratory protection increases, smaller

ratio of carbon resource is channeled into biomass production, and yield coefficient decreases.

The model will be useful in simulating nitrogen fixers in the ammonium available

ecosystems with various oxygen concentrations. For example, recent ocean ecosystem modes

show that nitrogen fixers create niche in the oligotrophic environment (Moore et al., 2004;

Monteiro et al., 2010; Monteiro et al., 2011). However, none of them consider the influence of

ammonium on the growth of nitrogen fixers, combination of ammonium uptake and nitrogen

fixation, or influence of oxygen on nitrogen the fixation rate. Ammonium and oxygen

concentration varies by location, and they have an impact on the growth and nitrogen fixation

rate. Thus, our simple model can provide more mechanistic and physiology based prediction on

global nitrogen fixation.
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Supplementary Material
3.S1 Model details: carbohydrate limiting case

Obtaining cell population and protein concentration for carbohydrate limited case and nitrogen

fixation case

In order to obtain the number density of the cell and protein concentration in carbohydrate

limited case and nitrogen fixation case, we have used the same method as in Chapter 2. For

carbohydrate limited case, we have simply assumed the rate of nitrogen fixation is zero, and

computed energy, electron and mass balance accordingly. However, we have assumed a different

energy transfer efficiency for the direct ammonium uptake; energy transfer efficiency, E=0.45.

For all the cases, we have applied the same parameterizations from Chapter 2 including radius of

the cells, fraction of active cells, and diffusivity of the cell membrane.

Obtaining respiration rate, molar yield coefficient and nitrogen fixation rate

Oxygen consumption rate (respiration rate) is computed in the same way as Chapter 2; at low

oxygen environment, energy balance controls the respiration, while at high oxygen

concentration, respiration is controlled by the passive oxygen uptake.

The molar yield coefficient is represented as follows:

y s (3.1)
VCH

where Y(mol C mol C-) is molar yield coefficient, As (mol C cell-' s') is biomass production

rate, VCH is the carbohydrate uptake rate (mol C cell' s-').

3.S2 Model details-ammonium limiting case

Obtaining cell population and protein concentration

107



In the ammonium limiting case, the growth of the cell is limited by ammonium. In order to

compute the number density of cells, we consider the balance of ammonium concentration in the

chemostat vessel:

d[NH+ 

+dt = DJNH, L - [NH4 D-xVNH4 (3.2)

where INH j, (mol N m 3) is the ammonium concentration in the incoming medium, t (s) is

time, D (s-1) is the dilution rate, [NH+ (mol N m-3) is the ammonium concentration in the

culture, x (cell m-3) is the number density of cells, and VNH+ is the ammonium uptake rate (mol N

cell-' s-'). In the steady state, the equation becomes as follows along with the assumption that

ammonium concentration in the culture is small compared to that in the incoming medium:

=D[NH1j -XVNH+ (3.3)

From this equation, the number density of cells is obtained as follows:

D [NH +x = N4 - (3.4)
NH+

Once x is obtained, the protein concentration can be computed through the cellular-protein

content used in Chapter 2. In order to compute VNH , we consider the balance of ammonium

pool in the cell:

dNHell = v - YNC(

dt NH4+ S Bin (3.5)

where NH4Ce, (mol N cell-) is the cellular ammonium quota, and YB (molNmol C-') is the

N:C ratio of biomss. From this equation in the steady state:

VNH+ S B (3.6)

3.S3 Model details: nitrogen fixing case

Obtaining population and protein concentration
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In this part, two different ways of obtaining population are explained; the population obtained

from ammonium limiting perspective, and that obtained from carbohydrate limiting perspective.

The population obtained by those different methods are used for optimizingf value to maximize

the production (See 3.S5 for more details).

Obtaining populationfrom ammonium limited perspective

During this phase, the cell combines nitrogen fixation and ammonium assimilation. In this

model, we use the value "f' for the ratio of nitrogen fixation to ammonium assimilation. Thus,

from (3.6); .

VNH' (3.7)

and the number density of cells is obtained from (3.4).

Obtaining populationfrom carbohydrate limited perspective

From the carbohydrate limited perspective, the population of the cell is based on carbohydrate

concentrations based on the assumption that the carbohydrate concentration in the chemostat

vessel is much smaller than that of the incoming medium. The detailed calculation is described in

Chapter 2. Note that we have applied different energy transfer efficiency depending on thef

value based on the following equation:

E = ENH 40N2f *(3.8)

where ENH4 (dimensionless) is the energy transfer efficiency for direct ammonium uptake, and

EN2 (dimensionless) is that for nitrogen fixation.
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3.S4 Determining which case to apply

In this model, it is assumed that the biomass per cell is constant. Thus, maximizing population

leads to maximizing the biomass production for the same dilution rate. To maximize population

for different oxygen concentration and the C/N ratio in the chemostat vessel, the following

method is applied. In order to determine which metabolism is applied, we have considered the

lowest possible oxygen concentration in the cell [02 ]CO, (mol 02 cell') based on the

carbohydrate availability and critical oxygen concentration [02 In. above which nitrogen fixation

does not occur. We have assumed that [02]r, is small. [02]cpo, is the hypothetical intracellular

oxygen concentration based on the assumption that all the available carbohydrate is consumed

with no nitrogen fixation.

If [2 cPO, > [2]c,,, there is no nitrogen fixation; the growth is either limited by carbon or

ammonium. The population for carbohydrate limited case xCHlimied (cell m-3 ) and ammonium

limited case XNH+ limited (cell m-3) are calculated first and the values are compared to determine

what is limiting the growth. When xcHlimited < XNHIlmited the carbohydrate limited case is applied,

and when XCHlimited > xNH4limted the ammonium limited case is applied.

when [02 ]cPo, <[02 LcI, nitrogen fixation can happen. However, if the exclusive

consumption of ammonium leads to higher population, nitrogen fixation is assumed to be zero. If

XCHlimited < XNHilimited, the carbohydrate limited case is applied since there is available ammonium

left in the medium; when there is available ammonium, assimilating ammonium is more
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energetically favorable than nitrogen fixation. On the other hand, if XCH,..ilted < XNH limifed, the

nitrogen fixing case is applied.

3.S5 How to optimizef value

The value off (the ratio of nitrogen fixation to the entire nitrogen assimilate) is determined to

maximize the population. To optimizef value, first, the population for nitrogen fixing case is

computed forf values covering 0 <f< 1 with small enough steps. Then, we calculate the

population for each case and take the f value that gives maximum population. Thisfvalue

matches where the population from ammonium limiting perspective matches the population from

carbohydrate limiting perspective.
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Chapter 4

A macromolecular model of phytoplankton growth under

light and nutrient co-limitation

4.1 Abstract

We present a new, steady-state macromolecule-based model to study light-nutrient co-limitation

of phytoplankton growth. The model is based on simplified metabolic flux network and resolves

key pools of macro-molecules, each of which has different roles for cellular growth. The model

is used to predict and interpret the variation of cellular stoichiometry of fresh water

Synechococcus spp. under different light and nutrient environment over a range of dilution rates

(average growth rates) in a steady state culture. The model explains the different response of

cellular nitrogen and phosphorus quota to the various light-nutrient environments, predicting

protein and RNA as most influential molecules on nitrogen and phosphorus quotas respectively.

The model indicates that, though total nitrogen storage is larger than phosphorus storage many

times more phosphorus can be stored than required. It accurately predicts the maximum possible

growth rate based on the limits of resource allocation within the cell. Finally, the model predicts

nutrient-light co-limitation of cell population density under different dilution rates (i.e. rate of

nutrient supply). While the concentration of inflowing nutrient in the medium has a direct effect

on the population density, light impacts it by modifying the cellular stoichiometry. This steady-

state, macromolecule based model provides bases for predicting phytoplankton growth in

different dynamic environments.
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4.2 Introduction

Marine phytoplankton play an important role in the carbon cycle, accounting for 40~50 % of

photosynthesis on the earth (Falkowski, 1994; Field et al., 1998). To predict the phytoplankton

abundance and rate of photosynthesis, ocean ecosystem models have been developed over

several decades. Fasham et al. (1990) built a network model of the surface-ocean ecosystem that

encompasses the balance between the growth and grazing of phytoplankton as well as the

influence of heterotrophic microbes. The currency of the model was nitrogen, in both inorganic

and organic form. Sarmiento et al. (1993) combined this ecosystem model to a three-

dimensional, regional ocean circulation model with a single phenotype to represent all

phytoplankton. During the 2 1st century, as computational capacities and ecosystem theory

develop, ocean ecosystem models which resolve several functional types of phytoplankton have

been developed (e.g. Chai et al., 2002; Moore et al., 2002; Le Querd et al., 2005; Bruggeman

and Kooijman, 2007; Follows et al., 2007). A key aspect of predicting the biogeography and

biogeochemical impact of phytoplankton is relating their growth rate to the local environment.

The growth of phytoplankton is largely limited by light and nutrient availability (e.g.

Laws and Bannister, 1980; Gotham and Rhee, 1982; Cloern, 1999; Moore et al., 2013). In

photosynthesis, the light reactions produce energy and a reducing equivalents, which in turn are

used for carbon fixation, and biomass synthesis. In biosynthesis, nutrients provide necessary

elements for growth.

Light and nutrients co-limit the growth of phytoplankton (e.g. Harrison et al., 1990;

North et al., 2007), and the relative importance between light and nutrient changes with

environment (Cloern, 1999). Such co-limitation was clearly demonstrated in the chemostat

culture of Synechococcus spp. discussed by Healey (1985) (Figure 4.1). When irradiance is
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around 20 ptEm-2 s1, both increasing phosphorus and light intensity increases the concentration of

biomass in the culture. At around 50 ptEm-s-1, however, increasing irradiance has a limited effect

while increasing phosphorus has a more significant impact on the biomass concentration. This

data set demonstrates that the light and nutrients have dependent effects which are only crudely

characterized in current ocean ecosystem models.
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The crudeness of the representation of algal physiology in such models has often been

justified by a saving in computational costs (Flynn 2003). In most ecological models, the growth

of phytoplankton is generally represented as a simple function of external resource

concentrations using Monod kinetics (Monod, 1949):

[N] + KN

where p is the growth rate, I 1max is maximum growth rate, [N] is the external nutrient

concentration, and KN is the half saturation. In order to express nutrient-light co-limitation, Pmax

is subjected to change depending on the light influence: but how does light influence Umax?

Ocean ecosystem models often assume the independent effect of light and nutrient (e.g. Fasham

et al., 1990, Sarmient et al., 1993; Kishi et al, 2007; Follows et al., 2007; Stukel et al., 2014), the

growth of phytoplankton is roughly expressed as follows:

AI = Pmax M(I [N](42
[N] + KN

where I is light intensity. While the equation is analytically transparent, and computationally

efficient, light and nutrients should influence each other's effect on growth. For example, if we

were to use Monod kinetics, KN has to vary with the light intensity. Some models use the

"affinity" (a) to express the half saturation (e.g. Smith et al., 2009), relating it to a light-

dependent maximum growth rate:

KN -max

However, there is limited physiological evidence that half saturation linearly decreases with pmax

(1). To better characterize nutrient and light co-limitation of phytoplankton growth, considering

cellular physiology is necessary.
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One classic and simple improvement that reflects cell physiology is the Droop model

(Droop 1968; Caperon 1969; Droop, 1970; Droop, 1973) which decouples uptake and synthesis

and expresses the growth rate as a function of the cell quota of the limiting resource:

Min

I = Pmax (1 - Qiting (4.4)
Qlimiting

In most cases, this equation gives satisfactory fits to data on phosphorus limited growth of

phytoplankton (e.g. Burmaster, 1979; Auer and Canale, 1982; Garcia et al., 2016), and has been

used extensively for ecosystem models (e.g. Ducobu, et al., 1998; Klausmeier, et al., 2004).

However, this parameterization often does not provide a good description of nitrogen limited

growth. Nitrogen quota often linearly increase with the growth rate (e.g. Laws and Caperon,

1976; Laws and Bannister, 1980; Healey, 1985; Claquin et al., 2002; Flynn, 2008), and in order

for to the Droop model to express this trend, Mmax has to be infinitely large. This conceptually

conflicts with the fact that phytoplankton has finite maximum growth rate.

As for the Monod model, the Droop model is not sufficiently detailed to describe light-

nutrient co-limitation (Flynn 2003). The model treats all resources (nitrogen, phosphorus and

carbon) equally, but in reality, elements are allocated to different molecules with different

physiological purposes. In order to express, light-nutrient co-limitation of the growth, we need to

broadly predict the variation of macromolecular components responsible for each cellular

process such as photosynthesis and protein synthesis.

Attempts have been made toward resolving macromolecules, yet there are still

challenges to overcome. Geider et al., (1996, 1997, 1998) allocated resources (protein) towards

three purposes; light harvesting, biosynthesis, energy storage, very effectively describing light

and nitrogen co-limitation (Geider et al., 1998). However, since the model does not explicitly

resolve protein synthesis and nucleic acids, it could not predict light-phosphorus co-limitation.
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Bruggeman and Kooijman (2007) took a similar approach and considered nutrient fluxes

allocated towards different functions. However, the model is missing explicit fluxes and

reservoirs for biosynthetic apparatus, and it does not predict the relative sizes of macromolecular

components. These are the key for predicting light-phosphorus co-limitation, as we will show in

this chapter.

To predict light-nitrogen-phosphorus co-limitation of phytoplankton growth, Pahlow

and Oschlies (2009) developed a cell quota based model incorporating the influence of cell quota

for various nutrient fluxes in and through the cell. However, there is a limited physiological

explanation for the flux constraint, and the model has limited predictive capability with regard to

N:P ratio and biomass carbon under different dilution rates. In order to predict the light-nutrient

co-limitation of phytoplankton growth, we need to breakdown nitrogen and phosphorus quotas

into appropriate macromolecules (Follows and Dutkiewicz, 2011) and their influence on

chemical fluxes based on the knowledge of biochemistry and cell physiology.

Flynn (2001) has developed a macro-molecular based algal growth, but this model

heavily relies on empirically derived parameters as well as tunable parameters, rather than

providing concrete macromolecule-flux relations. This model has not yet been extensively

applied (Williams and Laurens, 2010), possibly due to its complexity and limited analytical

transparency. Similarly, Flux Balance Analysis predicts a resolves a number of reactions within

the cell and predicts the reaction rates based on some assumptions such as the optimization of

biomass production (e.g. Kauffman et al., 2003; Schuster and Fell, 2007; Orth et al., 2010).

However, due to its complexity, FBA has not been broadly used in the ecosystem context. While

incorporating many details may improve the fidelity of a model, it can also be obscuring; models

117



should remain as simple and clear as possible. Simplified approaches are also favorable for a

computationally expensive models, such as 3D ocean ecosystem and climate models.
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concentration in the culture; (B), P:C ratio; (C), N:C ratio; (D), N:P ratio; (E), Chlorophyll a:
C ratio; (F), Biliprotein: C ratio. Circled data in (1-A) and (1-B) indicate presence of extra
phosphorus and nitrogen in the culture, respectively. We have obtained the permission for
reproducing these figures.

Here, in order to study light-nutrient co-limitation of phytoplankton growth, we have

developed a steady state macromolecular model of phytoplankton, the "cell flux model for

phytoplankton". The model is more physiologically detailed than Monod or Droop kinetics, yet

simple enough for transparency and computational capability. We have developed and applied

the model in describing the characteristics of Synechococcus spp. growing in continuous,

chemostat culture by Healey (1985) since this paper has one of the most comprehensive steady-

state-culture data including biomass carbon concentration, elemental ratios, and pigments to

carbon ratios (Figure 4.1).

In the data set of Healey (1985), there are some important features. First, in the P

limiting culture, P:C ratio increase non-linearly with dilution rate while N:C ratio increase

linearly. The linear trend of N:C ratio is repeatedly observed (e.g. Caperon and Meyer, 1972;

Laws and Caperon, 1976; Laws and Bannister, 1980; Healey, 1985; Claquin et al., 2002; Flynn,

2008), while P:C ratio is non-linear in most cases (e.g. Healey, 1985; Claquin et al., 2002; Flynn,

2008). What causes this difference? Second, while N:C ratio shows similar trends in the P and N

limiting cases, there are significant differences in P:C ratios between those cases; P:C ratios do

not show clear trends in the N limiting culture, and the values are much higher than those in P

limiting cases. Can the model explain these differences: differences between N:C and P:C and

differences between P:C in P limiting and N limiting cultures? Third, the max chlorophyll

content decreases with increasing light intensities, but maximum observed growth rate increases

with increasing light intensities. What causes this trend? Fourth, under low light intensity there is
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higher P:C ratios and N:C ratios. What macromolecules are responsible for these changes?

Finally, increasing dilution rate decreases the biomass carbon while increasing light intensity

increase the population. Can we reproduce and mechanistically interpret these trends? In this

chapter, we will address all these questions with the cell flux model.

With the model, we predict the size of different macromolecular pools under different

light intensitities, nutrient resource supplies (nitrogen and phosphorus), and growth rates. The

model provides physiological and biochemical explanations of how light and nutrient co-limit

the growth of phytoplankton as well as a simple tool for describing and predicting their growth

response and elemental composition.

4.3 Methods

Choice of molecular pools and fluxes for the model

To predict light-nutrient co-limitation of the growth as well as macromolecular composition in

the cell, we have developed a cell flux model for phytoplankton (Figure 4.3). The model consists

of carbon, nitrogen, and phosphorus based molecular pools and fluxes among these pools,

creating a simplified flux network. We have selected macromolecular pools that are essential to

predict growth and stoichiometry (such as N:C and P:C ratio) of the cell. Those elemental ratios

are necessary for predicting the population and standing stock of organic molecules in the steady

state culture. In large-scale ocean simulations, these ratios regulate the efficiency of the ocean's

carbon pumps and atmospheric CO 2. Hence a simple, practical and flexible description is

valuable for climate and carbon cycle modeling.
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Carbon metabolism

Resolved, carbon-based molecules are C0 2, carbohydrate (CH), chlorophyll, essential carbon,

and other carbon such as lipid/carbohydrate storage (depicted in yellow for molecules and in

orange for fluxes in Figure 4.3). CO2 is essential for photosynthesis, or carbon fixation, which, in

this model, provides 100% of carbon necessary for metabolism (anabolism and catabolism).

Fixed carbo-hydrate (CH) is the central carbon metabolism, providing reduced carbon for

various molecules, such as proteins, and energy for biosynthesis through respiration. Chlorophyll

is essential for light harvesting, which provides energy and reducing equivalents for carbon

fixation. We also account for a pool of "other essential carbon", such as carbon in lipid bilayers

in which is significant in restricting the cell volume available for other components. The

remainder of the cell's carbon is considered as stored carbon which is not essential for immediate

growth. Protein and nucleic acids contain a substantial amount of carbon, and their carbon pools

and fluxes are included in the model with a fixed, assumed C:N and C:P ratio typical of each

macromolecular pool. Since they are more influential in nitrogen and phosphorus metabolism,

we will discuss them in the following sections.

Nitrogen metabolism

Nitrogen metabolism is strongly influenced by protein, which usually accounts for the largest

nitrogen pool in the cell (Nitrogen metabolism is depicted in pink for molecules and in red for

fluxes in Figure 4.3). Predicting the amount of protein is essential in predicting growth of the

cell, since most reactions related to biosynthesis are constrained by the availability of appropriate

enzymes. In this model, we have considered three types of proteins; photosynthesis related

proteins, biosynthesis related proteins, and other proteins. This choice is similar to the model by
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Geider et al, (1996, 1997, 1998). However, we have included all the proteins necessary for

photosynthesis (such as RuBisCo, photosystems, and enzymes for the Calvin Cycle) into

photosynthesis related protein, which varies with light intensity, while the model in Geider et al.,

(1996, 1997, 1998) carbon fixing enzymes are included in biosynthetic apparatus. We have made

this decision since not only light harvesting apparatus, but also the amount of enzymes and

photosystems must vary depending on the light intensity. Thus, it is essential to separate those

light dependent proteins from other biosynthesis related proteins.

By modeling the relative allocation towards these three pools of protein, we can

accurately predict the variation of cellular N:C ratio based on light availability and dilution rate.

Some other models such as Pahlow and Oschlies (2009) explicitly model the nitrogen allocated

in transporters. In this model, however, we have included transporters in other proteins, since the

mass of transporters was neither predictable based on the data from Healey (1985), nor was it

essential in predicting the cellular N:C ratio. In general, the transporters are small molecules of

about 100 kDa, and only cover a part of the cytoplasmic membrane. On the other hand,

photosynthesis related protein covers a large area of thylakoid membranes (Szalontai et al.,

2000; Kirchhoff et al., 2008), and there are multiple layers of thylakoid membranes (Rast et al.,

2015), leading to a large nitrogen quota. Therefore, we assumed that the light-nutrient-growth

dependent variation of transporters need not be explicitly resolved. Finally, we have included

nitrogen storage (here we assume cyanophycin (e.g. Borzi., 1887; Hai et al., 1999)), since it was

necessary to predict the difference in N:C ratios between N-limiting culture and P-limiting

culture. Due to nitrogen storage, cells in P-limiting cultures have generally higher N:C ratios

than those in N-limiting cultures.
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Phosphorus metabolism

To keep the model simple, we have resolved the minimum number of phosphorus pools

necessary for the prediction of cellular P:C ratios, and standing stock of biomass. The key aspect

of phosphorus metabolism is RNA synthesis, since RNA generally accounts for the largest

phosphorus pool in the cell (Geider and La Roche, 2002), and mediates protein synthesis and cell

growth significantly. Since DNA can account for a substantial fraction of phosphorus (Bertilsson

et al., 2003), we have also explicitly included a DNA pool. The DNA generally increases with

dilution rates, since the number of cells with double amount of the DNA increases.

In the process of developing the model, we unexpectedly found that the variation of

phosphorus in thylakoid membrane can be important. The P:C data of Healey (1985) shows a

higher P:C ratio for the low light conditions. We argue that this variation is due to the increased

phosphorus in phospholipid in thylakoid membrane. Low light intensity leads to higher

chlorophyll content, but in order to sustain additional chlorophyll, more thylakoid membrane is

necessary, since thylakoid membrane is in general significantly dense with proteins and

chlorophylls (Szalontai et al., 2000; Kirchhoff et al., 2008).

A high ratio of phospholipids and the size of thylakoid membrane can significantly affect

cellular phosphorus quota. About 25% of the lipids used in the thylakoid membrane are

phospholipids, which is a larger proportion than in cytoplasmic membrane (Huflejt, 1990). In

addition, there are usually many layers of thylakoid membranes (Liberton et al., 2006; Rast et

al., 2015) in the cell, leading to a significant amount of phosphorus in total. Therefore, we

explicitly model the phosphorus flux to thylakoid membranes, their phosphorus content, and

their contribution to the P:C ratio in the cell.
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We have accounted for phosphorus storage in order to differentiate the cellular P:C ratio

between N-limiting culture and P-limiting culture (Figure 4.2). In N-limiting culture, excess

phosphorus is stored in the cell (e.g. Healey, 1985; Kromkamp, 1987), while in P-limiting

culture, at steady state, virtually all the phosphorus is actively used for specific purposes. This

results in a significant difference in P:C ratio between N-limiting culture and P-limiting culture

observed in Healey (1985) with much higher P:C ratio in N-limiting culture. Finally, we have

resolved a pool of "other essential phosphorus", which includes ATP, dissolved phosphate

groups, and phospholipids in cytoplasmic membranes. This other essential phosphorus provides

the minimum level of phosphorus together with minimum requirement of DNA, RNA and

thylakoid membrane phosphorus. This other essential phosphorus pool accounts for a substantial

contribution to the total phosphorus budget since, even where minimum phosphorus content is

expected (low dilution rate and high light intensity), a substantial amount of intracellular

phosphorus is observed (Figure 4.2 (1-B)).
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Model solutions

In order to solve the model for the macro-molecular composition at steady state, we have

taken the following steps: solving for chlorophyll (equations (4.6) and (4.7)), solving for nitrogen

pools (Table 4.1). solving for phosphorus pools (Table 4.2), solving for cell number density

(equation (4.19)) and biomass carbon concentration, solving for stored nutrients, and solving for

carbon pools (Table 4.3). Nomenclature with units is provided in Table 4.4.
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We develop a simple equilibrium model which allocates resources towards the key

components of the cell. We first solve for chlorophyll by relating the demand for carbon fixation

to growth (dilution) rate and growth efficiency. The cholorophyll quota then dictates the

requirements for photosynthesis related proteins (and their associated nitrogen content),

thylakoid membrane phosphorus (and associated phosphorus content), and chlorophyll carbon

content. The order of solution order is interchangeable, since N, P and C are simply linked by the

imposed stoichiometric ratios of the macromolecular pools. However, we choose to solve the

equations in the above order (N->P->C) for simplicity. To solve for population density, we need

to determine which nutrient is limiting. Thus, we need to solve for nitrogen and phosphorus

before computing population.

Solving for chlorophyll

To obtain cellular chlorophyll content, we consider a budget in which the sources and sinks of

carbohydrate CH (see Figure 4.3) are in balance.

dCH= ChlPch, -(1+ E)QcD - m (4.5)
dt

Definitions and unites for each term is listed in Table 4.4. Based on the assumption that there is

no waste of carbon to the external environment, the balance around CH gives one solution for

chlorophyll content with high predictive capability. Since in the steady state, the CH production

and consumption has to be balanced, we can solve for cellular chlorophyll content:

Chl = (1+E)QcD+m (4.6)
PChl
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We employ a description of photosynthesis based on "target theory" as used in many other

studies (ex. Webb et al., 1974; Platt et al., 1980; Cullen, 1990; Geider et al., 1996, 1997, and

1998):

PChl = m (- eAo (47)

While other parameterizations of photosynthesis might be considered, this form provides a good

fit to the data from Healey (1985).

Solving for nitrogen related parameters

To predict the population and growth of phytoplankton, obtaining cellular nitrogen content and

its allocation amongst cellular functions is crucial. Here we present the solution for each nitrogen

pool (Table 4.1). Nitrogen in chlorophyll Nh, is obtained from chlorophyll content (equation

(4.6) above) and an assumed N:C ratio (equation (4.8)). We assume that the quota of

photosynthesis related proteins N'Ol" will vary in proportion to chlorophyll since both are

necessary to harvest light and fix carbon. We then evaluate Nh','0. through a stoichiometric

factor yNpho.:Chl . This is not known a priori, but can be constrained using the data from Healey

(1985). This photosynthetic protein includes proteins in PSI and PSII complexes, RuBisCO, and

other photosynthetic proteins. Healey (1985) shows an identical trend between chlorophyll and

biliprotein (one of the pigment proteins), indicating that in this particular case, the photo

adaptation is not done by increasing the size of antenna, but by increasing the size/number of

thylakoid membranes. Given this, the amount of protein in/on thylakoid membranes is

proportional to chlorophyll, which in turn support equation (4.9). This assumption is also
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supported by the observation that (for plants) there is generally a positive correlation between

chlorophyll and RuBisCO (Seemann et al., 1987).

In order to predict the cellular allocation to biosynthesis protein, we linearly relate the

amount of biosynthesis protein, N Bosynll to the dilution rate D (equation (4.10)). This is based

on the idea that faster growth requires faster production of biomass, which in turn requires higher

amount of biosynthetic enzyme. Together, equations (4.9) and (5) anticipate the roughly linear

relationship between N:C ratio and dilution rate as is repeatedly observed in laboratory studies

(e.g. Caperon and Meyer, 1972; Laws and Caperon, 1976; Laws and Bannister, 1980; Healey,

1985; Claquin et al., 2002; Flynn, 2008). With obtained Nh', NB os7 th, and N cons

(essential protein necessary for cell maintenance; the parameterization described in the

Supplementary Material), we can compute the total amount of protein Nprotein (equation (4.11)).

In general, Npr oein accounts for the largest part of cellular nitrogen content. However, nitrogen

in nucleic acids (RNA and DNA in this model) also contribute significantly.

We assume that the RNA content is a function of both dilution rate and protein content

(equation (4.12)), with a constant part and dilution/growth dependent part. The constant part

N"j' indicates minimum requirement of RNA, perhaps related to protein turnover. The

dilution/growth dependent part is influenced by the amount of protein, and dilution rate. We

assume a linear relationship between the RNA required to build and maintain a given protein

quota and also a linear relationship between the RNA quota and growth rate. Since the protein

content is also linearly linked to dilution rate, NRA in equation (4.12) is a quadratic function of

the dilution rate.
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We have defined DNA as a linear function of the dilution rate (equation (4.13)). The

macromolecular study of E. coli (Bremer and Dennis, 1996) shows almost linearly increasing

DNA with the dilution rate, since fast growing culture has higher numbers of cells with both new

replicated DNA and template DNA, increasing DNA content. However, in this particular study

we have assumed that the variation of DNA content with dilution is small since the range of

dilution rates of Healey (1985) is much smaller than that of Bremer and Dennis (1996). We

define the total essential nitrogen quota, QVjsentiaI, as the sum of allocations to chlorophyll,

protein, RNA and DNA in equation (4.14).

Table 4.1 Fundamental relations of cell nitrogen components.

N = chlY N: (4.8)

N Photo ChlY Npho:Ch
Pr otein ClNh(M(4.9)

NBiosynth DA N (4.10)Protein Biosyn th

const Photo Boyi
NPr otein A::: vrte + N~roi + Nr Btsynh (4.11)

RNA tNe Pr olin PRNA
NRNA Ncs t + p lDA~ (4.12)

NDNA N " DA DNA

Qessent' = N hl + N Protein + N RN (4.14)

Solving for phosphorus related parameters

The phosphorus quota for key macromolecules can be obtained from chlorophyll, and nitrogen

quotas obtained above (Table 4.2). Specifically, the phosphorus in thylakoid membrane is taken

to be linearly related to chlorophyll (equation (4.15)), necessary for complete and functional light
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harvesting. To evaluate phosphorus in RNA and DNA, we assume an empirical N:P ratio in

these molecules (equation (4.16) and (4.17) and the parameterization in Supplementary

Material). In addition there are other essential phosphorus pools including phospholipids in the

cytoplasmic membrane and ATP. These are included in the term Pot",", which we assume is

constant (the parameterization is described in Supplementary Material). With (4.15)-(4.17) and

POh". we can evaluate the total quota for essential phosphorus, Qef"""' (equation (4.18)).

Table 4.2 Fundamental relations of cell phosphorus components.

PThylakoid a=ChlYh 1 d (4.15)

PRNA = NRNA YN (4.16)

PDNA = NDNA YN (4.17)

QP ssenia =p" + PThylakod + PRNA + EDNA (4.18

Solving for the cell population density and determining a limited nutrient

In order to obtain the cell population density, we assume that the concentration of limiting

nutrient in the medium (at steady state) is small compared to that in the incoming medium. This

applies to most cases in Healey (1985) and with this assumption, the cell population density X

(cell m-3) is obtained simply by dividing the concentration of limited nutrient [NutLimiting IN by

the cellular quota of the limited nutrient QeNuttina
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X = Nut~mt IN (.9essential ]N(.9

QNut-limiting

In this study, the limiting nutrient is either nitrogen or phosphorus. In order to determine

which nutrient is limiting, we compute Xvalue based on both phosphorus and nitrogen. The

nutrient that leads to the lower X value is assumed to be limiting and the population size is set

accordingly. From X and cellular carbon quota Qc, biomass carbon concentration [Bc] can be

obtained as follows:

[ BcI = XQc. (4.20)

Solving for stored nutrients

Phytoplankton can store non-limiting nutrients available in excess. However, the magnitude of

nutrient they store differs based on the nutrient. For example, based on the data from Healey

(1985), the amount of nitrogen stored is relatively small compared to other nitrogen use. This is

implied by the similarity of N:C ratios between N and P limiting cultures to the essential nitrogen

use (comparing Figure 4.2 (1-C) and (2-C)), while there is an upper limit of phosphorus for the

sum of all the phosphorus quotas in the cell (comparing Figure 4.2 (1-C) and (2-C)). In order to

express those differences, we formulate different equations for each nutrient.

First, to evaluate nitrogen storage (in the P-limited case), we first define the maximum

nitrogen storage Ns"e (the parameterization is in the Supplementary Material), and obtain the

maximum potential nitrogen quota based on N"e:

Q ax-store = Naxe + Q essen a/ (4.21)
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To account for the availability of excess nitrogen in the medium, we compute the maximum

possible nitrogen quota based on the nitrogen concentration in the incoming medium and the

population:

Qmax-Nin _ [N]j (4.22)
XP

If Qax-Nin axSlor, the actual total nitrogen quota QN= QNxS" and the actual nitrogen

storage NStore = NSt' . On the other hand, if Qax-Nin :Q7 max- Store, QN = ax-Nin and Nstore is

lower than NStore, and computed from QN:

NStore = QN N- QeAssnhIal

When nitrogen is limiting, there is likely phosphorus storage, which is computed in a

similar way. Since total phosphorus quota has its maximum based on the data from Healey

(1985), we first define the maximum phosphorus quota Qa'-c"" . We compute the potential

phosphorus quota from the phosphorus concentration in the incoming media:

Qpmax-Pin = [ -N (4.24)
XN

If Q"ax-Cel" <Qmax-Pn, the actual phosphorus cell quota Qp = Qnax-cel" , but if Qax -cell

Qinax-Pin Q, = Q nj'-" . In both cases, the phosphorus storage is computed as follows:

Psiore Q - Qessenlal (4.25)

Solving for carbon related parameters

For molecules that involve phosphorus and nitrogen, we stoichiometrically relate phosphorus or

nitrogen quotas to carbon quotas (Table 4.1, equation (4.26)-(4.30)). For essential carbon that
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cannot be obtained from phosphorus or nitrogen quotas, we define CEssential, which includes lipid

membrane and structural carbon products (see Supplementary Material for the parameterization).

We assume that the total carbon quota Qc is constant as Healey (1985) did not find any trends in

the carbon quota. We have applied slightly different values for Qc for phosphorus and nitrogen

limited cases based on Healey (1985). With this Qc and other carbon values, we compute the rest

of non-essential stored carbon CsOre (equation (4.31)).

Table 4.3 Fundamental relations of cell carbon components.

cPT'_'a,,"' = PThylakoid UP i pid (4.26)

CProtein =NProtein YPiin (4.27)

CRA =N N (4.28)

CDNA =NDNAYJ(. (4.29)

CNstore =h Coe -RNA (4.30)

Csfore QC Ch/-CPr oe, - CRNA - DNA CEssential (4.31)
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Table 4.4 Symbols, definitions and units used in the model. The symbols are listed in order of

apparence.

Cellular intermediate carbohydrate

Time

Cellular chlorophyll

CO 2 production ratio

Cellular carbon quota

Mol C cell-'

s

mol C cell-'

dimensionless

mol C cell-'

s-IDilution rate: averaged growth rate

Maintenance carbon consumption mol C cell-' s-'

PChI Photosynthesis rate per chlorophyll

Maximum photosynthesis rate per chlorophyll

Power coefficient for photosynthesis

Light intensity

Cellular nitrogen in chlorophyll

N:C ratio in chlorophyll

Cellular nitrogen in photosynthetic protein

N Photo ClPr otein : h

Cellular nitrogen in biosynthesis protein

Biosynthesis protein coefficient

Total cellular nitrogen in protein

s-1

s-1

piE- m2 s

pE m-2 s-1

mol N cell-'

mol N mol C-

mol N cell-'

mol N mol C-1

mol N cell-'

mol N cell-' s

mol N cell-'
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N cJon vt
Pr o'lini

NRNA

RNA
A RNA

NDNA

ANNA
YHNA

[ essential

PThylakoid

P -Ch/I
Yihylakoid

RNA

V.N

QP

x

[Nut Limiting IN

essential

[BC]

Cellular nitrogen in other protein

Cellular nitrogen in RNA

Cellular nitrogen in constant parts of RNA

Coefficient for variable cellular nitrogen in RNA

Cellular nitrogen in DNA

Cellular nitrogen in constant parts of DNA

Coefficient for variable cellular nitrogen in DNA

Cellular nitrogen quota

Cellular phosphorus in thylakoid membranes

PThyIakoid : Chl

Cellular phosphorus in RNA

P-N ratio in RNA

P-N ratio in DNA

Essential cellular phosphorus quota

Number density of cells

Concentration of growth limiting nutrient in the incoming

medium

Cellular quota of growth limiting nutrient

Biomass carbon concentration in the culture

mol N cell-'

mol N cell-'

mot N cell-'

s

mol N cell-1

mol N cell-'

mol N cell-' s

mol N cell-'

mol P cell-1

mol P mol C-,

mol P cell-'

moI P mol N

mol P mol N-1

mol P cell-'

cell m-3

mo I m-3

mol cell-'

mol C m-3
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Maximum cellular quota of nitrogen based on nitrogen

storage

Maximum cellular nitrogen storage

Maximum cellular quota of nitrogen based on nitrogen

Qmax-Store
N

Ns't axQ'Store

N]IN Nitrogen concentration in the incoming medium

XP Number density of cells in the phosphorus limited culture

Cellular nitrogen quota

Cellular nitrogen storage

Maximum cellular quota of phosphorus based on cellular

mol N cell-'

mol N cell~'

mol N cell-'

mol N m-3

cell m-3

mol N cell-1

mol N cell-'

mol P cell-'
capacity of holding phosphorus

Maximum cellular quota of phosphorus based on

phosphorus concentration in the incoming medium

Phosphorus concentration in the incoming medium

Number density of cells in the nitrogen limited culture

Cellular phosphorus quota

Cellular phosphorus storage

Cellular carbon in phospholipids in thylakoid membranes

C-P ratio in phospholipids

Cellular carbon in protein

mol P cell-'

mol P m-3

cell m-3

mol P cell-1

mol P cell-'

mol C cell-'

mol C mol P-

mol C cell-'
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Nstore

Q max-cell

OPax-Pin

[PIN

XN

QP

Pstore

CThylakoidP-lipid
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C:N ratio in protein

Cellular carbon in RNA

C:N ratio in RNA

Cellular carbon in DNA

YC:N
P~r o tein

C:N ratio in DNA

Essential cellular carbon

Other cellular carbon
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4.4 Results and discussions

The model described above reproduces the data of Healey (1985) by tuning 12 parameters

(parameterizat ions are described in the supplementary material). The same parameter set

qualitatively and quantitatively captures the key features of the laboratory cultures both in

phosphorus and nitrogen limited conditions. (Figure 4.4 - Figure 4.6 for phosphorus limited

culture, and Figure 4.7 - Figure 4.9 for nitrogen limited culture). It identifies the light and

dilution rate dependent variation of key parameters, such as chlorophyll, cellular N:C and P:C

ratios, and cellular carbon concentrations in the culture. The model explains why the P:C ratio

non-linearly increase with dilution rate while N:C ratio increase rather linearly. In addition, by

quantifying the allocation of each element (Figure 4.5 ~ Figure 4.6 for phosphorus limited

culture, and Figure 4.8 ~ Figure 4.9 for nitrogen limited culture), the model predicts differences

between nitrogen and phosphorus storage. In the following discussion, we show that not only

have we been able to capture cell stoichiometry and efficiency of nutrient storage, the model also

predicts the maximum growth rate. This prediction is enabled by the allocation model and the

finite volume of the cell, which is imposed. Allocation beyond this maximum cannot be

exceeded, placing a finite limit on growth rates under different conditions. Finally, the model

explains that the variation of biomass carbon concentration is indirectly influenced by growth

rates, light intensity, through cellular stoichiometry, and directly influenced by nutrient

resources.
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Figure 4.4 Simulation of phosphorus limited continuous culture of Synechococcus spp.
compared with the laboratory data of Healey (1985). Solid lines are the corresponding
simulations from this work. (A) Chlorophyll to carbon ratio. (B) Nitrogen to carbon ratio. (C)
Phosphorus to carbon ratio. (D) Cellular carbon concentration in the culture.

139

C 2(0r-- ---

_ 10

.0) 0.2



A

E51-50

100l

0.0 (1.2 0.4 J.6 U."'
D ((I-'

Ii. 1.2 1.1

B
27A)

200

150

.11

()0 M 0.2 0.4 0.6 U.> 1.0 1.2 1.4
D ((I-,

* Laboratory data

Chlorophyll

RNA

DNA

Protein (biosynth)

Protein (photo)
Protein (other., const)
N storage

U.2 U. .6 0.
D ( 1)

D

1.0 1.2 1.4

16

I (

S

0.

0.2 U.- 0.6 0.8
) 1 (1 )

1.0 1.2 1.4

* Laboratory data

RNA

DNA
Thylakoid P-lipid
Essential P (const)

Figure 4.5 Allocation of cellular nitrogen and phosphorus in PHOSPHORUS limited
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normalized by cellular carbon. (A) Nitrogen allocation at 12 pE m-2s-' light intensity. (B)
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Nitrogen allocation at 62 pE m-2 s-1. (C) Phosphorus allocation at 12 pE m-2s-1. (D) Phosphorus
allocation at 62 pE m 2 s-.

Difference between N.C and P:C curves

As discussed in the Introduction, the dependence of N:C and P:C vary differently with respect to

dilution rate, and with respect to the limiting resource. The model provides some insight into the

controls on those relationships.

We have successfully simulated the difference between N:C and P:C curves ((B) and (C)

in Figure 4.4 and Figure 4.7). The key difference is that N:C increases roughly linearly with

dilution rate, but when phosphorus is limited, P:C increases non-linearly. This difference is

explained by examining what influences the slope of the curve. The slope of the N:C ratio with

dilution rate is mostly driven by protein (for biosynthesis and photosynthesis), which increases

linearly to the dilution rate to support faster growth and photosynthesis ((A) and (B) in Figure

4.5 and Figure 4.8). On the other hand, the slope of P:C with respect to dilution is mostly

influenced by RNA, which increase non-linearly ((A) and (B) in Figure 4.5). This non-linearity

is based on equation (4.12) and (4.16) since Nproten increases with dilution rate.

In order to further explain the difference between N:C and P:C curves, we need to

consider the N-Storage and P-Storage. The model reveals a clear difference between N-storage

(Figure 4.5 (A) and (B)) and P-storage strategies and potential of the cells (Figure 4.8 (C) and

(D)). First, as discussed in the method section, nitrogen storage is independent from the total

nitrogen in the cell, but the capacity of phosphorus storage varies depending on how much total

phosphorus exists in the cell. For example, in Figure 4.8 (C) and (D), as dilution rate increases,

more phosphorus is used in RNA, at the expense of P storage.
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Second, the cell stores larger amount of nitrogen than phosphorus: about 45 mol pg N mg

C-1 against 25 ptg P mg C-1. However, more phosphorus can be stored relative to the requirement

for essential macromolecules; at low dilution rate, many times more phosphorus than that

necessary is stored (Figure 4.8 (C) and (D)). Such storage is not possible for nitrogen, since it

would form much larger fraction of the cellular mass. Considering those differences can be

important in studying aquatic ecosystem and biogeochemical cycles.

Here we note that we have assumed that the constant value for the essential P, and we

hypothesizes that most essential P is for phospholipids in the cytoplasmic membrane. Although a

constant value is assumed due to the limited data, the phosphorus content of the phytoplankton

membranes can vary (e.g. Huflejt et al., 1990, Van Mooy et al., 2009, Lepetit et al., 2012).

Especially, in the phosphorus limited environment, phospholipids may be replaced by

sulfolipids, decreasing phosphorus demand (Van Mooy et al., 2009).

Our model shows that the phosphorus in phospholipids (both in cytoplasmic and

thylakoid membranes) accounts for up to about 70% of cellular phosphorus under low irradiance

at zero growth rate. This prediction agrees with the observation that more than half of phosphate

is allocated to phospholipids (Van Mooy et al., 2006), and supports the idea that replacing the

phospholipids to sulfolipids significantly decreases the phosphorus demand (Van Mooy et al.,

2006). In addition, our model indicates that the replacement can save phosphorus more

significantly in a low light environment, if phospholipids in thylakoid membrane can be replaced

by sulfolipids, since thylakoid membrane content is higher under low light intensity.
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Prediction ofmaximum chlorophyll content as a result offinite cell volume.

The model predicts limits to growth rate and cell composition as a function of its finite volume.

Here we assume a fixed cell volume. (Clearly cells are somewhat variable, but for any given

species there will be finite limits). In order for a population to grow faster, cells have to increase

their protein and nucleic acid content. However, at some point this is capped by the finite volume

of the cell. In order to estimate when the growth is volume limited, we have computed the

allocation of cellular carbon as a function of dilution rate and for different light and nutrient

conditions (Figure 4.6 and Figure 4.9 for phosphorus and nitrogen limited culture respectively).

When the carbon storage becomes zero due to the carbon allocation for growth related

purposes, the growth is limited by volume as represented by the total carbon cell quota. When
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photosynthetic and biosynthetic carbon allocation reach the limits allowed by cell volume they

cannot produce more of the essential machinery or grow faster. In the chemostat, if this limit is

reached before the dilution rate is matched, the cells are flushed away and a population cannot be

maintained. This finite volume limit explicitly predicts the maximum growth rate for these cells

under different conditions and are represented by the cut-offs of the modeled lines in Figure

4.4~Figure 4.6 and Figure 4.7-Figure 4.9, for both N and P limited cultures respectively. In other

words, the lines have not been artificially truncated where the data ends; those terminations

represent the end points indicated by the finite volume of the cells.

Notably, the cut-offs are higher in dilution rate in the nitrogen limited culture than in

phosphorus limited one. This happens based on the difference in storage; nitrogen storage

requires carbon while phosphorus storage does not. Under phosphorus limited condition extra

nitrogen is stored, requiring additional carbon. Under nitrogen limited condition, however,

excess phosphorus stored, but there is no nitrogen storage. Thus, there is no additional carbon

required for storage, leading to a relatively higher cut-offs. This higher cut-off for nitrogen

limited culture is supported by the laboratory data by Healey (1985), where they obtained data

for generally higher growth rates for nitrogen limited cultures.

Prediction of Biomass carbon concentration for different dilution rate, light intensity, and

nutrient resources.

The biomass carbon concentration in the medium decreases with the dilution rate but increases

with light intensity (Figure 4.4 and Figure 4.7 (D)). This is explained by the equation for

population (equation (4.19)), since under the assumption that the carbon content per cell is

constant (which roughly applies to Healey (1985)), the biomass carbon is proportional to the
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population (equation (4.19)). Based on equation (4.19), the population is influenced by the

cellular quota of limited nutrients. Specifically, in the phosphorus limited culture, the population

density is inversely proportional to the total phosphorus quota. This phosphorus quota increase

with dilution rate is due to increasing demands for RNA and thylakoid membrane (Figure 4.5 (C)

and (D)), which eventually leads to the decreased population, and thus decreased biomass carbon

due to equation (4.19).

On the other hand, when nitrogen is limited, the cell population is inversely proportional

to the total nitrogen quota. Since this nitrogen quota increases linearly with dilution rate mainly

due to increasing biosynthetic and photosynthetic proteins, the population and biomass carbon in

the culture decreases with dilution rate.

Light intensity also influences the biomass carbon. However, based on the model, this

influence is rather indirect; it occurs through the amount of photosynthesis related

macromolecules. For example, when the light intensity is low, the cell contains higher amount of

thylakoid membrane, requiring a higher amount of phosphorus for the same dilution rate

(comparing Figure 4.5 (C) and (D)). This higher phosphorus quota in turn leads to the lower

population (equation (4.19) ), thus lower biomass carbon, under phosphorus limited culture. On

the other hand, when the light intensity is high, there is smaller amount of thylakoid membrane

(comparing Figure 4.5 (C) and (D)), leading to a low phosphorus quota, thus, higher population

and biomass carbon in phosphorus limited culture.

In nitrogen limited culture, the light intensity influences the amount of biomass carbon

through photosynthetic proteins. As the light intensity decreases, there is a higher amount of

photosynthetic protein for the same dilution rate (comparing Figure 4.8 (A) and (B)). This in turn

leads to low population and biomass carbon through equation (4.19) . When the light intensity
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increases, on the other hand, the photosynthetic protein decreases, which in turn increases the

biomass carbon.

Finally, we can simply explain light-nutrient co-limitation of population/biomass carbon

through equation (4.19). Based on this equation, the population increases linearly with the

incoming concentration of the limiting nutrient. As explained above, light intensity positively

influences population through macromolecules. This understanding of light-nutrient co-

limitation of population together with prediction of macromolecular composition for various

dilution rates provides the bases for predicting light-nutrient co-limitation of the phytoplankton

growth in a dynamic environment.
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4.5 Summary and conclusions

We have developed a cell flux model applied to phytoplankton to study the nutrient and light co-

limitation of their growth. By resolving key macromolecular pools which have very different
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C:N:P stoichiometries, the model can closely reproduces the experimental dataset of

Synechococcus spp. in Healey (1985) when a set of 12 key parameters are tuned. Despite the

apparently large number of tunable parameters, most values relate to simple (mostly linear) and

logical relationships between rates and abundances. The model predicts the macromolecular

composition for different light intensity and growth rates, and explains several observed

phenomenon in phytoplankton growth.

First, the model explains the differences in the relationships of growth rate to nitrogen

and phosphorus quotas. Nitrogen quota is significantly influenced by protein, while phosphorus

is mainly influenced by RNA. Since increasing dilution rate requires increasing photosynthesis

and biosynthesis related protein, nitrogen quota increases roughly linearly with dilution rate.

However, phosphorus quota increase quadratically, since RNA, the main influence on

phosphorus quota, increases both with increasing protein and dilution rate.

Second, the model also reveals key mechanistic differences in the storage of key

resources. While nitrogen storage is independent from other nitrogen use, phosphorus storage is

influenced by the amount of other phosphorus quotas, since the maximum quota of total

phosphorous is almost constant. Also, the absolute magnitude of nitrogen storage is larger than

phosphorus. However, relative to the cellular requirements, much more phosphorus can be stored

than nitrogen.

Third, the model indicates that the maximum chlorophyll quota is the result of volume

limitation in the cell. In order to grow faster, the cell needs more proteins and other molecules.

As the dilution rate in the culture increase, the abundance of such molecules is eventually limited

by space, and this point is where chlorophyll shows the maximum value.

150



Finally, the model provides the basis for predicting population as a function of dilution

rate, light intensity, and nutrient inputs. Higher dilution rates require a high cellular quota of

limiting nutrient, leading to lower population for the given light and nutrient environment.

Higher light intensity leads to lower requirement for the intracellular quota of limiting nutrient,

leading to the higher population for a give dilution rate and incoming nutrient concentration.

Finally, higher nutrient supply linearly increases population under the same dilution rate and

light intensity.

In the future, the model can be applied to various phytoplankton with similar chemostat

culture datasets to that in Healey (1985) (e.g. Laws and Bannister 1980; Mouginot et al., 2015;

Garcia et al., 2016). We expect that we need different values for most parameters since each

phytoplankton species has different metabolisms. However, the model might reveal certain rules

in elemental ratios, macromolecular compositions, and other parameters among the same groups

of phytoplankton. For example, it would be interesting to test if there are any distinct features

among prokaryotes and eukaryotes, and among coastal and open ocean phytoplankton, and to

interpret differences between them.

Finally, this simple macromolecular model provides fundamental understanding of

phytoplankton growth under different light and nutrient environments. Such understanding will

lead to macromolecular based prediction of phytoplankton growth in dynamic state, which in

turn can provide new implication for ecosystem dynamics, biogeochemistry and climate. For

example, the mechanistic prediction of C:N:P ratios can be applied in the ocean ecosystem

models. This may provide more accurate prediction of biological pump, since its efficiency

varies with the stoichiometry of the organic matter (Falkowski, et al., 2000).
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4.7 Supplementary material: model parameterization

We have parameterized the model based on certain clues. There are two types of parameters:

tunable parameters and non-tunable parameters. We predict values for tunable parameters based

on the laboratory data from Healey (1985). Since each parameter influences distinct features of

the data from Healey (1985) (Table 4.5), we expect that the parameter set converges into narrow

range in order to equally represent the laboratory data (Table 4.6 for used values). For non-

tunable parameters, we have chosen values based on certain information sources (Table 4.7 for

sources and for Table 4.8 values).

Parameterizing tunable parameters

Each tunable parameter influences a certain aspect of the data in Healey (1985), such as the y-

intercepts (values at D=O) of the data, and light dependent variations, and slope of the curves

(Table 4.5). In this section, we explain how this specificity helps us parameterize tunable

parameters. We discuss the parameters roughly in the order of appearance in the method section.

To begin with, the maintenance m is based on the overall magnitude of y-intercept in

Chl/ratio. As can be seen in (Figure 4.2 (1-E) and (2-E)), y-intercept is not zero. This indicates

that there has to be minimum chlorophyll in the cell even if the cell is not growing. Why do they

need minimum chlorophyll? Here we hypothesize that chlorophyll is necessary to fix carbon,

which is used for the cell maintenance. Based on the hypothesis, m gives non-zero y-intercept,

whose magnitude is tuned to represent the chlorophyll variation in Healey (1985) together with

power coefficient ApHo.

APHO is parameterized based on light dependent variation in y-intercept in Chl/C ratio

(Figure 4.2 (1-E) and (2-E)). Since ApHO controls the slope of the P-I curve (photosynthesis -
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light intensity curve), it influences how chlorophyll amount varies based on the light intensity at

y-intercept (based on equation (4.6)). Since the data in Healey (1985) shows a certain variation,

we can guess an approximate value for ApHo.

Pr'n' influences the slope of Chl:C ratio (Figure 4.2 (1-E) and (2-E)). As can be seen in

Chl/C ratio - dilution rate curve, the Chl:C ratio increases with the dilution rate. Since Phma

influences the maximum photosynthesis rate, it influences how much chlorophyll is needed for a

certain carbon demand. As the dilution rate increases, the cell grows more quickly requiring a

higher amount of carbon. This leads to higher amount of chlorophyll and the increase in

chlorophyll is mainly constrained by Pch( . Thus, by comparing the slope between the model to

the data, we can predict an approximate value for PCha

After predicting the values for the chlorophyll related parameters, we next predict the

parameter based on elemental ratios such as N:C and P:C ratios (Figure 4.2). By using the N:C

ratio in P-limited culture, in a similar way that we predicted three values from chlorophyll to

carbon ratio, we can predict N I " , yNpho:Chl and A N
Pr oteBiosynth

To predict Np"""tei , we use the overall magnitude of y-intercept in N:C ratio in N-

limiting case (Figure 4.2 (2-B)). Since N const indicates the minimum requirement of protein in

the cell, the value influences all the data points in N:C ratios. Although yNpho:ChI influences the

overall magnitude, the influence is rather limited at y-intercept since at D-O, the photosynthesis

rate is minimum for a given light intensity.

To predict the ratio between nitrogen photosynthetic protein and chlorophyll yNpho:Chl

we use the light dependent variation in y-intercept in N:C ratio in N-limiting case (Figure 4.2 (2-
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B)). Since the N:C ratio is not influenced by the dilution rate at y-intercept (as D=O), it is solely

influenced by the light intensity through yNpho:Chl . Thus, by comparing the N:C values at y-

intercept for five light intensities that Healey (1985), we can predict the value for YNpho:Ch'

Once we predict values for N"onst and yNpho:Chl , we use the slope of the N:C ratio toPr ote in

NN

estimate Aliosynth (Figure 4.2 (1 -C) and (2-B3)). There are two parameters that significantly

influences the slope on N:C ratios: ABiyOnth and YNpho:Chl. However, since yNPho:ChI is already

constrained at this point, A Nosynth can be tuned to add to the slope created by yNpho:Chl* In

addition to A Nosynth and yNpho:Chl , thus, biosynthesis and photosynthesis protein, Chlorophyll,

RNA influences the slope since they all depends on the dilution rates. However, at this point we

have obtained the chlorophyll amount. Also, the relative influence of RNA on the nitrogen quota

Nis much smaller than that of proteins. Thus, we can estimate ABOsynth with high precision from

the slope of N:C ratio.

After using the data of N:C ratios under phosphorus limited cultures, we apply a similar

method to P:C ratios in P limiting case (Figure 4.2 (1-B)) in order to estimate another three

tnbeprmtr:Pconst Y.-ChI an N r~f
aeamers: P;h' i , and A tr is predicted from the overall magnitude

of the P/C ratio at y-intercept due to its dominant influence. POter is estimated especially by

comparing the model-lab values at the high light intensity (144 piEms- ), where Pcof" t has a

dominant influence as a tunable parameter; although the minimum amounts of RNA and RNA

has a similar effect to P:C ratios, the values are estimated from certain sources, and thus they are

non-tunable.
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Then, y P:Chl is tuned based on the variation in y-intercept of P:C ratios in P-limiting

case (Figure 4.2 (1-B)). Since the variation based on the light intensity is exclusively based on

y hlakoid , by comparing the model to the laboratory data, we can effectively narrow down the

values for yPhylakoid

Once we obtain a descent estimate for the y-intercept of P:C ratios by tuning Pjt"e' and

yP.5kld A RNA can be estimated from the non-linear shape of P/C ratios in P-limiting case

N(Figure 4.2 (1-B)). Since only ANA cause the non-linear shape as can be seen in the

experimental data, we can predict AN with high precision.

After tuning these nine parameters, we will estimate the rest of the tunable parameters

Ste nax-Cell and CEssential differently from the previous nine parameters. First, Nse is

estimated based on differences in N:C ration between N-limited (Figure 4.2 (2-B)) and P-limited

(Figure 4.2 (1-C)) cultures. While there is no nitrogen storage in the N-limited case, but the

excess nitrogen is stored in P-limited case. Since this is the only difference between N-limited

case and P-limited case, by comparing the model results and the laboratory data for both of them,

mSaxwe can estimate the value for N'ore,

Next, QaPcel can be predicted from the overall value for the P:C ratio in the N-limited

culture (Figure 4.2 (2-C)). Since the laboratory data show about constant values at around 25 (pg

P mg C-), which is much higher values than the P-limited case, we predict that this is the

maximum amount of phosphorus they can store in the cell, thus QynaxCell
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Finally, in order to predict C Essential, we compare the maximum dilution rates between

the model and the laboratory data for each light intensity (Figure 4.2). We have so far

constrained all the other parameters, and only CEssential remains. Depending on how much

CEssential the cell has, the maximum dilution rate at which the cell reaches the maximum capacity

varies due to the carbon based space limitation. For example, if CEssential, is large, the cell

reaches the maximum capacity at the low dilution rate since there is only limited space available

for other growth related macromolecule. Since the maximum dilution rates are slightly different

between N-limited and P-limited cultures based on the existence of nitrogen storage, this

difference helps us approximate CEssential as well.
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Table 4.5 Influence of each tunable parameter. The parameters are listed in order of apparence
in the method section.
Parameter Influence

m Overall magnitude in y-intercept in Chl/C ratio

Pc'h 1 Slope in Chl/C ratio

APHO Light dependent variation in y-intercept in Chl/C ratio

fit Light dependent variation in y-intercept in N/C ratio

Aiosynth Slope in N/C ratio

cn"t Overall magnitude in y-intercept in N/C ratio

ANA Non-linear shape of P/C ratio

Yahloid Light dependent variation in y-intercept in P/C ratio in P-limited case

PBoth,r Overall magnitude in y-intercept in P/C ratio in P-limited case

NSore Differences in N/C ration between N-limited and P-limited cultures

nacel Overall magnitude in P/C ratio in N-limited case

CEssential Maximum dilution rates (Cut-offs)
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Table 4.6 Values used for tunable parameters. The parameters are listed in order of apparence
in the method section.
Parameter Value Unit

m 5.00 X 1019 mol C cell-' s'

mol Nmol C

mo IN cell-' s

mol N cell-'

PcgX

P max

APHO

y Npho:Chl

ANABiosynth

N ot

Y PChl~Thylakoid

P onst

gnax-Cell

CEssential

s

mol P mol C-

mol P cell-'

mol N cell-'

mol P cell-'

mol C cell-'

Sources for non-tunable parameters

All the non-tunable parameters are based on literature or chemical formula of each compound.

Certain numbers are given to the non-tunable parameters before parameterizing tunable

parameters. In this section, we briefly explain each non-tunable parameters roughly in the order

of appearance in the method section.
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2.63 x 10-3

1.25 X 10-2

s-1

3.20

E-' m 2 S

5.00 X 10-'0

4.32 X 10-"5

6.24 X 103

3.00OX 10-2

4.50 X 10-'

3.24 X 10-"5

8.07 X 10-16

6.66 X 10-"5



The value of CO 2 production ratio E is estimated from the method in Rittmann and

McCarty (2001). In the method, they consider mass, electron and energy budget to compute how

much respiration has to occur relative to biomass production. As in Rittmann and McCarty

(2001), we approximate E based on the energy transfer efficiency of 0.6 and biomass

stoichiometry of CsH'702N1, assuming that the variation in the energy requirement caused by

stoichiometric change is small. This constant E value leads to the linear curve in Chl:C ratios,

which captures the trend in Healey (1985).

The total carbon quota per cell Qc is based on the averaged value observed in Healey

(1985). Although, the author states about 20% of variation, he did not observe any trend with

the dilution rate and irradiance. However, the value for QC is slightly different between P-

limited and N-limited cases, and we have applied appropriate values for each case.

The constant part of DNA in nitrogen N'DNt is based on the genome size and GC content

of Synechococcus spp. (NCBI, 2016b). We have used NL'i and the RNA:DNA ratio of E. coli

at zero growth estimated from Bremer and Dennis (1996) to obtain the constant part of RNA in

nitrogen Nnt ; we have linearly and polynomially (degree of two) interpolated DNA-growth

rate and RNA-growth rate relations, respectively, and we have used the GC content of E. coli

(NCBI, 2016a) (=50.6 %)for the unit conversion. Also, the value of ANNA is assumed small

since the range of dilution in Healey (1985) is small compared to that in Bremer and Dennis

(1996).

The rest of non-tunable parameters are based on stoichiometry of molecules. Ycf/ is

based on N/C ratio of Chlorophyll a. RNA and DNA related parameters (Ncst , ND 'Do
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P-N C-N C-N
YN , Y , YDN ) are obtained from the shoichiometry of DNA and RNA based on the

guanine-cytosine (GC) content of the genome. We have referred to the genome of

Synechococcus spp. in (NCBI, 2016b) where GC=57.55 %. For Y_*ipifd we have used the

chemical formula of phosphatidylglycerol (PG) with 16 C fatty acid chains, since this is the most

dominant form of phospholipid reported in Huflejt et al. (1990). Y "ein is derived from

averaged amino acid composition of 16 species of microalgae studied in Brown (1991). Yfjjre is

based on the C:N ratio of cyanophycin, key nitrogen storage of Synechococcus spp. (e.g.

Maheswaran et al., 2006; Llicer et al., 2008).
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Table 4.7 Sources for non-tunable parameters. The parameters are listed in order of apparence
in the method section.
Parameter Source

E Rittmann and McCarty (2001) (see the text for details)

2C Healey (1985)

Vjc' Based on N/C ratio of Chlorophyll aN Bhi

NZ'on t  Based on GC content of Synechococcus (NCBI, 2016b)

ND"'4t  Based on GC content of Synechococcus (NCBI, 2016b)

ADNA Assumed small

Y. Based on GC content of Synechococcus (NCBI, 2016b)

Y PN Based on GC content of Synechococcus (NCBI, 2016b)

rc.P
KPIpid Assuming phosphatidylglycerol (PG) with 16 C fatty acid chains

r ' N Derived from averaged amino acid composition based on Brown (1991)

YC Based on GC content of Synechococcus (NCBI, 2016b)

yCN Based on GC content of Synechococcus (NCBI, 2016b)

yNre Based on C:N ratio of cyanophycin
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Values used for non-tunable parameters.
in the method section.

Value

The parameters are listed in order of

Unit

E 7.74 X 10~1

8.58 X 10-14 for P-limiting and 8.33 X

10-14 for N-limiting culture

N:C=4:55

8.77 X 10-17

3.34 X 10-17

0

2.64 X 10-'

2.64 X 10-

40

4.23

2.81

2.92

2

dimensionless

mol C cell-1

mol N mol C-1

mol N cell-'

mol N cell-'

mol N cell-' s

mol P mol N-1

mol P mol N

mol C mol P-1

mol C mol N-

mol C mol N-

mol C mol N-1

mol C mol N-
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Chapter 5

The cell flux model indicates multiple oxygen management

strategies in Crocosphaera watsonii

5.1 Abstract

Crocosphaera is one of the major nitrogen fixers in the ocean. To avoid the disruption of

nitrogenase and nitrogen fixation by oxygen, Crocosphaera fixes nitrogen during the dark

period, temporally segregating it from oxygenic photosynthesis. However, even at night, the

surface ocean is saturated in oxygen, requiring additional oxygen management mechanisms,

which define the ecological trade-offs for Crocosphaera. Here we examine oxygen management

of Crocosphaera by developing a simplified metabolic flux network; "the cell flux model". The

model simulates different scenarios based on three oxygen management strategies: respiratory

protection, size adaptation, and diffusive protection. Incorporating all of these improves the

accuracy of simulations of laboratory cultures, suggesting that Crocosphaera uses these three

oxygen management strategies, and providing a basis for models of Crocosphaera ecology.

5.2 Introduction

Nitrogen fixers in the ocean account for about 50% of fixed nitrogen input (Gruber and

Galloway, 2008). All organisms need nitrogen for proteins and enzymes. Often, fixed nitrogen is

the growth-limiting factor for primary producers in the sea (Thomas 1970; Thomas and Owen
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1971; Ryther and Dunstan, 1971; Caperon and Meyer, 1972), controlling the flow of carbon

through the ecosystem (Falkowski, 1997; Gruber, 2004; Gruber and Galloway, 2008).

Crocosphaera watsonii is a major phototrophic nitrogen fixer, which significantly

contributes to marine nitrogen fixation in tropical environments (Dyhrman and Haley, 2006).

Crocosphaera watsonii usually is found in oligotrophic waters, warmer than 249C of the western

tropical Atlantic and tropical Pacific (JGI, 2013). In those regions, their cell densities may

exceed 1,000 cell/ml in the euphotic zone (JGI, 2013). Also, the ecosystem model indicates that

Crocosphaera analogs widely exist in the North Pacific and Equatorial to South Atlantic regions

(Saito et al., 2011).

As discussed in Chapter 1, the nitrogen fixing enzyme nitrogenase is sensitive to oxygen

and loses its function in the presence of intracellular oxygen (Gallon, 1981). One of the oxygen

management strategies that Crocosphaera uses the temporal separation of nitrogen fixation and

oxygenic photosynthesis (Mohr, et al., 2010; Shi et al., 2010; Dron et al., 2012b; Mohr, et al.,

2013). This temporal segregation is accompanied by the diurnal intracellular iron cycle (Saito et

al., 2011). In the early dark period, Crocosphaera synthesizes the nitrogenase complex taking

iron from the photosystem (Saito et al., 2011). Nitrogen fixation peaks in the middle dark period,

and in the late dark period Crocosphaera decomposes nitrogenase, moving iron back to the

photosystem for the next light period (Saito et al., 2011).

However, in the ocean, even at night, the mixed layer is nearly saturated with oxygen

(e.g. Robertson et al., 1992; Fransson et al., 2004; de Boyer Montegut, et al., 2004; Yates et al.,

2007) due to rapid air-sea oxygen exchange (e.g. Najjar and Keeling, 2000). In such a high

oxygen environment, invasion of oxygen into the cell is expected due to passive diffusion. Thus,

the temporal segregation of nitrogen fixation from oxygen evolution does not appear to be
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sufficient. What other strategies does Crocosphaera apply to further protect nitrogenase from

oxygen? In Chapter 2, we developed a general model of intra-cellular oxygen management:

[QCELL ] ~_21 
2

'T - (5.1)
3KO2

Based on this model, there are three strategies which can decrease [02ELL ]: increase the cell size

r, increase respiration YTOT or decrease the oxygen diffusivity in the cell membrane layers K0 2 '

Azotobacter vinelandii, the unicellular soil-dwelling heterotrophic nitrogen fixer, employs all

three strategies (see Chapter 2 and references therein).

Azotobacter and Crocosphaera are, in some important regards, functionally similar

microorganisms. Although they live in different places, are genetically distant, and employ

different trophic strategies, they are similar in size, unicellular, and exist in high oxygen

environments (Azotobacters live in the rhizosphere, and Crocosphaera live in surface ocean).

Also, the energy for nitrogen fixation is not directly derived from photosynthesis; while

Azotobacter uses external carbohydrate for the energy source for nitrogen fixation, at night

Crocosphera uses stored carbon for this purpose. Given these similarities, it is possible that

Crocosphaera employs similar strategies to protect the nitrogenase during the dark period.

To better understand the contribution of Crocosphaera to the global nitrogen cycle, it is

important to understand what strategies they apply and how these strategies influence the

biogeography of Crocosphaera and other competing micro-organisms. In chapter two, we have

modeled and interpreted the oxygen-management strategies of Azotobacter. Here we we further

develop the idealized metabolic flux network model (the cell flux model) specifically to consider

Crocosphaera, to study their oxygen-management strategies and to discuss the implication of

those strategies in the ecosystem.
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5.3 Methods: A metabolic model of Crocosphaera watsonii

To study the potential oxygen management strategy, we have developed a simplified metabolic

flux network model (the cell flux model) for Crocosphaera. The model resolves the time-

dependent concentration of key macromolecular pools, including a general "biomass", carbon

and nitrogen stores, and, pigments, carbohydrates, as well as several inorganic compounds

including C0 2, and NH4 ' (Figure 5.1A and Figure 5.2A). Those pools are connected by

parameterized fluxes, such as nutrient uptake, biomass synthesis, carbon and nitrogen storage

production, photosynthesis, and respiration, creating an idealized metabolic network. At the

cellular scale, the system is constrained by the mass, electron balance and energy balance, when

oxygen concentration is small and respiratory protection is not required. However, when the cell

needs respiratory protection, the fluxes are influenced by oxygen and energy balance is ignored

as described in Chapter 1.

In addition to including carbon, nitrogen, hydrogen, and oxygen fluxes, the model

resolves simplified iron fluxes (Figure 5. 1B and Figure 5.2B, C), since the iron allocation to

photosystems and nitrogenase has been shown to vary over the diurnal cycle (Saito et al., 2011),

moving between photosystems, a buffer, and nitrogenase. Thus, photosynthesis and nitrogen

fixation are closely tied to the iron cycle. In order to capture the important diurnal variations, we

have developed connected, but somewhat independent metabolic models for the light and dark

periods based on the laboratory data from Satio et al., (2011), Mohr et al., (2010), GroBkopf and

LaRoche, (2012), and Dron et al., (2012b).

In the following sections we first explain schematically the assumptions in the models of

light and dark periods (Section 5.3.1). Then, we introduce the time-dependent equations and
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mathematical parameterizations of the fluxes which govern the model (Section 5.3.2). The

model is then used to simulate laboratory data published by GroBkopf and LaRoche, (2012) and

sensitivity studies are used to ask whether Crocosphaera is employing the oxygen management

strategies observed in Azotobacter vinelandii.

5.3.1 Model overview:

In this section we provide a schematic overview of the processes resolved in the model. We

separate this discussion into light, dark, and late-dark periods. The model equations are provided

in the next section "Parameterizations and Algorithms", and Supplementary Material S1 and S2.

Light period

During the light period the key metabolism is photosynthesis, whose rate is constrained by the

light intensity and the pigment. Through photosynthesis, Chrocosphaera fixes carbon in order to

support biomass synthesis and to accumulate stored carbon, which fuels the activity of the dark

period (Figure 5.1A).

In order to support biomass production, some fixed carbon is also used for respiration

during the light period. The rate of biomass production is assumed to depend on the availability

of stored nitrogen and the rate of photosynthesis. In this study we have assumed that photo-

inhibition does not occur as we model a system at relatively low light intensity. We assume that

the nitrogen source for the biomass production during the light period is solely the stored

nitrogen fixed during the previous dark period. During the light period, biomass production is

accompanied by the carbon storage. In this study, the light intensity is constant, but the model

can incorporate dynamic light influence on pigments.
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The rate of carbon storage is parameterized as a function of the light intensity, the size of

the carbon store, and chlorophyll content. High light intensity and high chlorophyll leads to high

carbon storage production, but if the stored carbon accumulates, the carbon storage is down

regulated. The energetic cost of carbon storage is assumed to be small compared to biomass

production.

The model also resolves the iron fluxes in the cell, which constrains the rate of

photosynthesis during the light period. Three iron pools are resolved: photosystem iron, buffer

iron, and nitrogenase iron (Figure 5.1 B). The allocation of iron to the photosystem is assumed

proportional to the chlorophyll content. Thus, high allocation to photosystem iron leads to high

carbon fixation, biomass synthesis, and carbon storage production. At the initiation of the light

period, the photosystem iron is at the minimum level but is increased at the expense of the

buffer.

In order to compute the iron flux to the photosystem, we first compute the ideal

photosystem iron requirement based on the potential biomass and carbon storage production.

Then, we choose the direction of the iron flux between the buffer and the photosystem based on

the difference between the "ideal" and the actual allocation of iron to the photosystem. The

magnitude of flux is controlled by the size of the buffer iron pool, and the difference between the

ideal and actual photosystem iron allocation. In the dark period, iron is allocated to nitrogenase.

During the light period, if there is iron remaining in nitrogenase it is transferred to the buffer iron

pool.
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Figure 5.1 Schematic diagrams of the cell flux model for ChrocosphAera during the light

period. (A) Fluxes other than iron. (B) Iron fluxes.
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Figure 5.2 Schematics of the model during the dark period. (A) Fluxes other than iron. (B)

Iron fluxes during the early dark period. (C) Iron flux during the late dark period.
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Dark period

In the dark, the key metabolic processes are nitrogen fixation and storage, which impacts growth

in the following light period. Nitrogen fixation is fueled by carbon stored during the previous

light period (Figure 5.2A). Respiration provides energy for nitrogen fixation, and is also used to

draw down the intracellular oxygen concentration.

The rate of nitrogen fixation is constrained by the amount of stored carbon, the

availability of nitrogenase, and the intracellular oxygen concentration. Nitrogenase availability is

assumed to be proportional to the allocation of iron. After the dark period initiates, there is a flux

of iron from the photosystem to the nitrogenase iron pool through the buffer (Figure 5.2B). The

amount of iron in the photosystem and iron buffer controls the flux to the buffer, possibly

reflecting an active sensing and regulatory control of intracellular iron pools. In the same way,

the flux of iron from the buffer to the nitrogenase is controlled both by the amount of iron in the

buffer and the amount of iron in nitrogenase, and the potential nitrogenase production rate. We

modeled an increasing capacity of nitrogen fixation with time after the initiation of the dark

period in order to reproduce non-linear increase of nitrogen fixation rate observed in several

studies (Saito et al., 2011; Mohr et al., 2010; GroBkopf and LaRoche, 2012).

Another key feature in the dark period is respiration which influences the intracellular

oxygen concentration, which in turn affects the nitrogen fixation rate. The respiration rate is

computed based on passive, diffusive oxygen uptake, the respiratory capacity, and the carbon

storage availability. In this model, during the dark period, we assume that the cell consumes

oxygen as much as possible within the respiratory capacity to keep the intracellular oxygen

concentration small relative to the environment. Thus the respiration rate is maintained higher

than the level required for energetic demands.
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The dark period respiration rate is also regulated by the availability of stored carbon. We

also assume that respiratory capacity keeps increasing after the initiation of the dark period based

on the hypothesis that adjustment of the metabolic state takes a finite time, so respiratory

enzymes for oxygen management are accumulated. The assumption of a finite adjustment time

(rather than instantaneous transition from light to dark metabolism) is consistent with

experimental data (Mohr et al., 2010; Saito et al., 2011; GroBkopf and LaRoche, 2012; Dron et

al., 2012b).

Overall, the modeled rate of nitrogen fixation depends on the amount of stored carbon the

oxygen concentration in the environment. Although in some cases, the exudation of fixed

nitrogen is reported in laboratory studies (e.g. GroBkopf and LaRoche, 2012; Masuda, et al.,

2013), the magnitude varies and what causes the variation has yet to be well understood. Thus,

in this model, it is assumed that all the fixed nitrogen is stored for biomass production in order to

keep the model simple.

Late dark period

We also resolve a distinct, late-dark period in which the nitrogen fixing capacity and the

respiration rate gradually decrease (Figure 5.2C). These trends are observed in multiple studies

(Mohr et al., 2010, Saito et al., 2011, and GroBkopf and LaRoche, 2012). We hypothesize that

the nitrogen fixation keeps decreasing in order to move iron to the buffer ready for transfer to the

photosystem during the next light period. Respiration is also observed to decrease toward the

light period during the late dark period (GroBkopf and LaRoche, 2012) and we modeled this

period dependent decrease of respiration in order to accurately reproduce the observation (See

Supplementary Material 5.S3 for more details).
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5.3.2 Parameterizations and Algorithms

In this section we describe the algorithms employed to implement the model outlined above.

Time dependent equations are written down to describe the rates of change in each of the

macromolecular pools (see Table 1 for equations). The fluxes between macro-molecular pools

and their dependence on the time of day and current physiological state are parameterized and

quantified at each time step. The time dependent equations of Table 1 are stepped forward in

finite time-steps, updating the status of the cells.

Here, to clarify the presentation, we discuss the processes and parameterizations of the

carbon, nitrogen and oxygen pools first, followed by a discussion of the iron pools. However, the

two are tightly coupled. We first describe the equations for time variations of each molecule, and

then, we explain how to solve for each term. In order to capture the temporal variations in

metabolism of the laboratory datasets of GroBkopf and LaRoche (2012) we separate the day into

light, dark and late-dark periods, each of which has a different set of metabolic processes and

parameterizations at work.

Carbon, nitrogen and oxygen metabolism

Time dependence of molecular pools and cell densities

In order to compute the time variation of carbon, nitrogen and oxygen pools, and cell density, we

consider the chemical fluxes that impact them (Table 5.1). The time variation of intermediate

carbohydrate pool CHc (glucose) is based on the balance among photosynthesis PiChl, biomass

production ., CO 2 production E , carbon storage production PCstore and consumption DCstore, and

excretion Exc, described in equation (5.2). The net flux into the carbon storage CStore is the

balance between the production PCstore and consumption DCstore of the storage; equation (5.3).
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The controls on the photosynthetic apparatus are further discussed in the subsection discussing

iron metabolism.

We assume that biomass production is used for the production of new cells, Bioc in

(equation (5.4)), which drives to the time change in population density (equation (5.5)). Biomass

production is not only supported by carbon, but also nitrogen. Thus, we consider the time

variation of ammonium pool (equation (5.6)), which is the balance between nitrogen fixation

N2f, biomass synthesis ,YLy , and production and consumption of nitrogen storage PNstore and

DNstore respectively. PNstore and DNstore influence the amount of nitrogen storage Nstore of as well

(5.7). Finally, the oxygen budget is based on production of oxygen through photosynthesis PO2'

its consumption through respiration RBio, and diffusive exchange of oxygen V02

Since the metabolism differs between the light and dark periods, we employ different

parameterizations of the fluxes in Table 5.1 at different times of day, as explained in the

following subsections. Some terms are specific to particular times of day (if they are not

applicable, they are assumed zero). Specifically, P Chl, A related terms except EL, PcSore , Exc,

PChl, DNstore, and P are unique to the light period, and Dcstore, N , and PNstore are specific to
2he drp

the dark period.
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Table 5.1 Fundamental relations of carbon, nitrogen and oxygen based molecules. The

definition of each term is listed in Supplementary Material.

dCH P, Chl -- A(1 + E) - Pcso,. + Desor, -Exc (5.2)
dt

dCS p -D(5.3)
dt (tore (oore

dBio = (5.4)
dt

dX Xt
- = -Q.(5.5)

dNH + (5.6)
dt4 =N2 -'YBY - PNslore +D Nslore

dNStr (5.7)

dt PNstore DNstore

dO 2  (5.8)
dt

In order to solve the model equations, we have applied a finite-difference method to

equation (5.2) ~ (5.7) with a time step of 50 seconds. For the oxygen balance (5.8), we have

assumed a pseudo steady state; thus oxygen uptake and oxygen production is always balanced by

respiration. For the calculation of fluxes that influences the time variation of each pool, we have

considered various factors, such as size of the pools, and light intensities (the details of the flux
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calculation are described in the Supplementary Material 5.S1, and parameterization details and

nomenclature are provided in 5.S3 and 5.S4 respectively).

Iron metabolism

Time dependence of each iron pool

The rates of carbon and nitrogen fixation both depend on the iron allocation to the enzymes

which mediate those processes. Here we model the time dependent allocation to those iron pools.

The time-dependent equations for the iron system are given in Table 5.2, and each term is

defined in Supplementary Material. We assume that the exchange of iron between photosystem

and nitrogenase is mediated by iron buffer (Figure 5.1B, Figure 5.2B, C) (Saito et al, 2011).

Thus, the time variation of iron in the photosystem is based on its exchange with the buffer iron

pool (5.9). The buffer iron pool is influenced not only by the iron from the photosystem, but also

by the exchange of iron with nitrogenase (5.10). The iron allocation to nitrogenase results from

the balance between the loss to and gain from the buffer (5.11). We have assumed that the

chlorophyll to iron ratio (mol C mol Fe-') is constant, YC"l,,e thus, the balance in chlorophyll is

proportional to the balance in photosystem iron (5.12).
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Table 5.2 Fundamental relations of iron related molecules. The definition of each term is

listed in Supplementary Material.

dFePhoto = F Photo-Fe - F Buffer-Fe (5.9)
dt Buffer-Fe Photo-Fe

dFe Buffer =- -F Photo -Fe + F Buffer - Fe _ F Nitroge -Fe + F Bu4fer -Fe (5.10)
di Puer -Fe Photo - Fe Buffer -Fe Nitroge -Fe

dFe + F+ (5.10)

dFeNilroge = F Nitroge -Fe - F Btfer--Fe

dt Buffer - Fe Nitroge -Fe

dChl_- (F Photo -Fe FBuffer-Fe )Y Chl:Fe (5.12)
dt B _ufer-Fe Photo-Fe Photo

In order to calculate the amount of iron pools and chlorophyll, we have applied a finite-

difference method to equation (5.9) ~ (5.12) with a time step of 50 seconds. For the computation

of iron fluxes, we considered various factors, such as the size of the iron pool of the origin and

the destination, time of day, oxygen concentration, and carbohydrate storage (see Supplementary

Material 5.S2. for detailed equations, 5.S3 for parameterization, and 5.S4 for nomenclature).

Since the metabolism of iron differs between the light and dark period, we define iron fluxes

differently between these time periods.
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5.4 Results and Discussion: Oxygen management strategies in Crocosphaera

Using the system of equations and parameterizations defined above, we have simulated time-

dependent laboratory cultures of Crocosphaera published by GroBkopf and LaRoche (2012). In a

series of sensitivity experiments, we turn on and off various oxygen management strategies in

the virtual Crocosphaera, inspired by the strategies known to be used by Azotobacter vinelandii

(see Chapter 2). These are respiratory protection, increasing cell radius and producing an

extracellular polymeric barrier to oxygen (see equation (1) and Chapter 2). We ask does the

presence or absence of each of these strategies qualitatively improve or degrade the veracity of

the simulations?

The data set of GroBkopf and LaRoche (2012) was particularly valuable for this exercise

since the authors quantified various parameters such as the respiration rate, acetylene reduction

rate (proxy for nitrogen fixation), and elemental ratios for different oxygen concentrations.

Figure 5.3-Figure 5.5 compare the model and the experimental data from GroBkopf and

LaRoche (2012); respiration rates, cellular nitrogen contents, and cellular carbon contents

respectively. Each figure shows four scenarios (A) With all three oxygen management

mechanisms (B) Without respiratory protection but with other two oxygen management

mechanisms. (C) Without size variation but with other two oxygen management mechanisms.

(D) Without diffusive protection but with other two oxygen management mechanisms. We

examine whether missing mechanisms improve/degrade the simulations. An improvement

suggests that the process in question may be employed by Crocosphaera and thus presents a

testable hypothesis. All panels show data points from two laboratory experiments, ambient

oxygen concentrations equivalent to saturation with 20% and 5% atmospheric mixing ratios, and
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four simulations (with/without scenarios for each oxygen concentration). Thus we specifically

focus on the investments and adaptations to oxygen management.

The model results show that all the three oxygen management mechanisms considered

(increasing respiration, increasing the cell size with oxygen concentration, and low diffusivity),

can improve the simulations both qualitatively and quantitatively. We thus hypothesize that

Crocosphaera employs all three strategies.

Examining respiratory protection

We first examine the respiratory protection by comparing the scenario with and without

respiratory protection (Figure 5.3-Figure 5.4 (A) for with respiratory protection and (B) without.

When respiratory protection is represented, we follow the model developed in Chapter 2 and

increase respiration sufficiently to reduce intracellular oxygen concentrations to a very low level

during the night-time, nitrogen fixation period. As expected, total respiration is much greater in

20% oxygen than 5% oxygen (Figure 5.3A, Figure 5.4A, and Figure 5.5A). On the other hand, in

the scenario without respiratory protection, intracellular oxygen concentration is assumed to have

no impact on nitrogen fixation, and the respiration is computed based on the energy balance:

there is just sufficient respiration to support night-time nitrogen fixation (Figure 5.3B, Figure

5.4B, and Figure 5.5B). We have set the same nitrogen fixation rate for both cases, so the

differences in respiration are entirely due to the relative investments in the protection of

nitrogenase.

With respiratory protection, the respiration is three to four times higher in the 20%

oxygen environment than the 5% oxygen environment. When the oxygen concentration is 20%,

the respiration rate is higher than the energetic demand for biosynthesis and nitrogen fixation.
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Thus, the peak respiration rate controlled by the oxygen concentration. However, when the

oxygen concentration is 5%, the peak respiration is controlled by the energy requirement for

nitrogen fixation. Thus, at low oxygen concentrations, when the nitrogen fixation rate is near the

peak, the energetically balanced respiration is sufficient for respiratory protection. These trends

in the model match the laboratory data. These results indicate that the cells do employ respiratory

protection.

In the model, we have allowed nitrogen fixation even when the respiratory protection is

not sufficient to protect nitrogenase in order to compare the respiration rates between respiratory

protection and respiration based on nitrogen fixation. Thus, the cellular nitrogen variation in

these two cases are similar (Figure 5.4A and B). However, without respiratory protection,

nitrogen fixation would not occur or be highly suppressed. This suppression would result in

much lower cellular nitrogen content for 20% 02 than 5% 02, which is not observed in the

laboratory data.

The cellular carbon content is influenced by the magnitude of respiration. With

respiratory protection, when the oxygen concentration is 20%, high respiration leads to a high

consumption of carbon storage rapidly decreasing the cell carbon during the dark period (Figure

5.5A in red). On the other hand, when the respiration is low/near the energetically balanced

level, the decrease in the cell carbon is smaller (Figure 5.5A in red). As a result, the red and

black curves cross in Figure 5.5A, as can be seen in the laboratory data points. Cell carbon is

higher for the 20% oxygen environment at the initiation of the dark period, but due to the high

respiration rate, the cell carbon becomes lower than the 5% oxygen environment during the dark

periods. Without respiratory protection, the cell carbon is overestimated for 20% resulting in
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having higher values than the 5% oxygen case throughout the dark period, which does not

represent the laboratory data, indicating that the cell applies respiratory protection.
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Figure 5.3 Respiration rate for four different scenarios. (A) With all the oxygen management

mechanisms (B) Without respiratory protection. (C) Without cell size adaptation. (D) Without

diffusive protection. Red: 20% 02 concentration. Black: 5% 02 concentration. Dots: laboratory

data from GroBkopf and LaRoche (2012). Curves: model results from this study. First 12 hours

are the light period (no shading) and the later 12 hours are the dark period (gray shading).
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Cell size adaptation

Since Azotobacter vinelandii (a heterotrophic nitrogen fixer; see Chapter 2) increases its cell

size, and reduces oxygen uptake, in high oxygen environments we explored the possibility that

Crocosphaera might employ a similar strategy. Varying the cell size based on the oxygen

concentration improves the model results, leading to the testable hypothesis that Crocosphaera

adapt their size in order to regulate oxygen uptake, since a larger cell has low oxygen uptake per

volume. In the model with size adaptation, we have used 1.28 (pLm) for 5% oxygen, and 1.32

(ptm) for 20% oxygen (Figure 5.3A, Figure 5.4A, and Figure 5.5A). On the other hand, for the

scenario without size adaptation, we have used 1.28 (ptm) for both oxygen concentration (Figure

5.3C, Figure 5.4C, and Figure 5.5C). The respiration rates are similar between two scenarios and

both represent the laboratory results in a similar way. Cellular nitrogen and carbon, however,

show larger differences between two scenarios. The model results are quantitatively more similar

to the laboratory data with size adaptation than without it, supporting this oxygen management

mechanism.

Without size adaptation, cellular nitrogen is underestimated for 20% 02 case (Figure

5.4C). The nitrogen content in the laboratory data shows higher values for most of the time.

However, the simulation without size adaptation shows the same values for the light period, and

even lower values for the dark period, conflicting with the experimental data. The difference

between the laboratory data and the model is especially pronounced during the late dark periods

after nitrogen storage is accumulated, suggesting that size adaptation has to be incorporated in

the model.
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With the size adaptation, we can capture the trend in the laboratory data throughout the

both light and dark periods: higher cellular nitrogen for 20% case. In particular, the laboratory

data shows larger differences during the light period and smaller difference during the dark

period. This trend is also captured by the model with size adaptation. Based on the model, under

5% 02 condition, the cells fix more nitrogen per cell volume than 20%, since 5% 02 is favorable

for nitrogen fixation than 20% 02. This leads to the accumulation of higher nitrogen storage for

5% 02 resulting in higher increase in nitrogen content. However, since the cell size is larger for

20% 02 case, the cellular nitrogen is still higher for 20% 02 even during the late dark period as

can be seen in the laboratory data. During the light period, there is no nitrogen fixation, and the

cellular nitrogen store is consumed for cell growth, resulting in larger difference in nitrogen

content between the two oxygen cases.

Incorporating size variation also improves cellular carbon (comparing Figure 5.5 A and

C). The laboratory data shows a higher carbon content for 20% 02 during the light period. With

size variation can explain this difference since larger cells generally contains higher carbon.

Without size adaptation, however, the model shows the same values in both oxygen cases,

conflicting the laboratory data. With size adaptation, the model captures the flip between two

lines during the dark periods as can be seen in the laboratory data, which occurs due to higher

carbohydrate consumption for respiratory protection for 20% 02 than 5% 02, further supporting

the hypothesis of size adaptation. This could be tested in the laboratory.
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Figure 5.4 Cellular nitrogen content. (A) With all the oxygen management mechanisms (B)

Without respiratory protection. (C) Without cell size adaptation. (D) Without diffusive

protection. Red: 20% 02 concentration. Black: 5% 02 concentration. Dots: laboratory data

from GroBkopf and LaRoche (2012). Curves: model results from this study. First 12 hours are

the light period (no shading) and the later 12 hours are the dark period (gray shading).
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Diffusive protection

The model results indicate a significantly low diffusivity of the cell membrane layer. In order to

obtain a reasonable match to the experimental data, we must set the relative diffusivity of oxygen

through the membrane compared to water at 1.5 X 10-5, which is about 50 times lower than the

value we employed in the Azotobacter model in Chapter 1 and Chapter 2 (define this case as

"with diffusive protection"). Figure 5.3D, Figure 5.4D, and Figure 5.5D are the results with the

diffusivity applied to the Azotobacter model for comparison (define this case as "without

diffusive protection"). Without diffusive protection, the oxygen flux into the cell is so high that

even at 5% oxygen environment leads to an even higher respiratory requirement than 20% case

with diffusive protection (comparing Figure 5.3A red curve with Figure 5.3D black curve).

Without diffusive protection, the respiration rate is limited by the carbon storage

availability, and is never sufficient for scavenging intracellular oxygen. Also, as carbon storage

decreases, respiration rate drops quickly and becomes nearly zero before the end of the dark

period (Figure 5.3D). The sharp decrease in the carbon storage is represented in the time

variation of the cell carbon both for 5% and 20% case, showing significantly lower values than

the experimental data (Figure 5.5D). In the model, due to the high respiration, which is still not

enough for the respiratory protection, nitrogen fixation does not occur. This trend is represented

by a low cellular nitrogen during the dark periods (Figure 5.4D); while the experimental data

show clear accumulation of cell nitrogen in the dark period, the model shows the constant value

at the minimum level. These results suggest that to successfully scavenge oxygen, the cell must

maintain a significant barrier to oxygen invasion.

Since the predicted diffusivity is significantly low, it might be that Crocosphaera fix nitrogen

with relatively high intracellular 02 concentration. Although it has been noted that a micro-oxic
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environment is required for nitrogen fixation (Dalton and Postgate, 1969; Wang et al., 1985;

Poole and Hill, 1997), the intracellular oxygen concentration of the live nitrogen fixers has never

been directly measured. If Crocosphaera can maintain nitrogenase activity in the relatively high

intracellular oxygen environment, the actual diffusivity of the cell membrane could be even

higher than what we have predicted. However, similar magnitude of 02 diffusivity is reported for

heterocystous nitrogen fixers (Walsby, 1985), and it is certainly possible that Crocosphaera has

a similar level of diffusive protection.

One possibility is that carbohydrate storage may act as oxygen barrier. Figure 2 in Dron

et al., (2012a) shows granules accumulated along the cell membrane rather than spreading in the

cytoplasm. The granule is made up of starch, relatively rigid and dense hydrophilic molecules, it

is possible that they act as a barrier against oxygen during the early night period, before the

starch is consumed.

Another possible cause of the low diffusivity is the production of extracellular polymeric

substances (EPS). EPS may create a thick hydrophilic layer, where the diffusion of oxygen

molecules is reduced. In a batch culture study by Sohm et al., (2011), Crocosphaera produces

EPS roughly proportional to their growth. Also, Dron et al., (2012a) have observed a higher

production of EPS during the dark period. In their paper, they mention that the oxygen barrier

effect of EPS is hypothesized by Prosperi (1994). As described in Chapter I, Sabra et al (2000)

hypothesize that Azotobacter vinelnadii excrete alginate (one kind of EPS) to decrease the

passive oxygen uptake to protect nitrogenase. Given the similarity between Crocosphaera and

Azotobacter it would not be surprising that Crocosphaera uses EPS for diffusive protection.
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Figure 5.5 Cellular carbon content. (A) With all the oxygen management mechanisms (B)

Without respiratory protection. (C) Without cell size adaptation. (D) Without diffusive

protection. Red: 20% 02 concentration. Black: 5% 02 concentration. Dots: laboratory data

from Groikopf and LaRoche (2012). Curves: model results from this study. First 12 hours are

the light period (no shading) and the later 12 hours are the dark period (gray shading).
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5.5 Implication of these oxygen management mechanisms to the ecosystem

This study indicates three oxygen managements by Crosophaeara: respiratory protection, size

adaptation, and diffusive protection, all of which require a high amount of carbon. Respiratory

protection demands higher carbon than energetically balanced respiration, increasing size with

oxygen requires carbon, and phosphorus for developing additional cell membranes, and diffusive

protection can be based on EPS, which requires significant amount of carbon. Based on this high

carbon demand, we hypothesize that Crocosphaera is adapted to regions where excess carbon

fixation occurs relative to other nutrients, such as iron and phosphorus. This hypothesis is

supported by observations where high abundance of Crocosphaera was found in subtropical

regions (e.g. Zehr et al, 2001; Montoya et al, 2004), since in these regions, there is a high

irradiance but nutrient is often limited.

Currently, global 3D ocean ecosystem models predict the distribution of nitrogen fixers

based on the resource ratio supply to the each computational grid, specifically by P/N and Fe/N

supply ratios (Dutkiewicz et al., 2012; Ward et al., 2013; Dutkiewicz et al., 2014). Although this

method predicts the distribution of the autotrophic nitrogen fixers as a whole, more information

is required for predicting the distribution of different functional types of nitrogen fixers. Based

on our study, we may add new constraints to the model based on carbon resources (e.g. C/N,

C/Fe, and C/P supply ratios), in order to predict the distribution of Crocosphaera in the ocean.

Since Crocosphaera has different metabolism and environmental influence than other nitrogen

fixers, this new theory will potentially contribute to further understanding of nitrogen and carbon

cycles in the ocean.
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5.6 Summary and conclusions

In order to study the oxygen management of Crocosphaera, we have developed the cell flux

model applied to Crocosphaera. The model consists of macromolecules and inorganic reservoirs

with fluxes among them, creating a simple flux network. We have also considered the iron flux

for computing the capacity of nitrogen fixation and photosynthesis. We have compared the

model results with the experimental dataset from GroBkopf and LaRoche (2012), and examined

what protection mechanisms are necessary for representing the experimental data.

The model results indicate three potential strategies: respiratory protection, size variation

with oxygen, and significantly low diffusivity in/around the cell membrane. When oxygen

concentration is 20%, the respiration is much higher than the energetically required level,

indicating the extra respiration for oxygen scavenging. By incorporating the positive relationship

between the size and the oxygen concentration, the model better represents the relation between

5% and 20% oxygen case in the experimental data. Finally, with the given respiration rate,

extremely small diffusivity is required for the cell to keep a microoxic environment. These

results help us understand the costs and benefits of unicellular nitrogen fixers in the ocean and

model the global ocean ecosystem and its biogeochemistry.
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Supplementary Material

5.S1 Computation of carbon, nitrogen, and oxygen metabolism

Light period

The rate of photosynthesis dependent on the abundance of chlorophyll, which is dynamic and

related to iron allocation (see equation (34), Table 2). We also compute an "ideal" abundance of

Chlorophyll; that which would support sufficient carbon fixation to match the demands of

nitrogen limited biosynthesis, based on the nitrogen stored. In other words, we can evaluate the

ideal chlorophyll concentration as that for which the cell is co-limited by light and nitrogen in the

light period. The biomass production rate which determines the ideal chlorophyll concentration

(mol C cell-' s-') is thus equal to the nitrogen limited biomass production rate, described as

follows by using Michaelis-Menten form:

,ChI-ideal = zmax Nstore (5.Sl)
Nstore + KNstoreL all / C (

where Xnax (mol C cell-' s-') is the maximum biomass production rate, Nstore (mol N cell-1) is

the nitrogen storage, KNstore (mol N cell-) is the nitrogen-storage-half-saturation constant for

biomass production, and YEal and yNC (mol N mol C-1) is the N:C ratio of biomass with and

without the nutrient storage, respectively.

At the same time, photosynthesis must meet the demands for storage to support night

time activity. We compute the rate of carbon storage production based on the current magnitude

of carbon storage:

Ch ideal sma(Ce-Cstore)store (5.S2)
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pChi -ideal ,-maxwhere PCstore (mol C cell-' s-) is the ideal carbon storage production rate, store (mol C cell-1)

is the maximum carbon storage, Cstore (mol C cell-) is the carbon storage, and Restore (s-1) is the

rate constant for the carbon storage production. If the carbon store is not at maximum capacity,

photosynthesis is required to provide a supply at a rate sufficient to keep up with the prescribed

storage rate, Rcstore. This is the ideal carbon storage production; that which would be associated

with the ideal chlorophyll abundance.

Using (9) and (10) to define the ideal biomass production rate P h-ideal and carbon

storage production rate PCs , we can use the equilibrium solution of (2) (light period, no

excretion) to define the "ideal" chlorophyll concentration Chl'deal (mol C cell-):

,aCh-ideal (I + pChl-ideal

Chlideal = Cstore (5.S3)

Here, E (dimensionless) is the ratio of the carbohydrate production rate to the biomass

production rate based the method on Rittmann and McCarty (2001), and P (s') is the

photosynthesis rate per chlorophyll. For obtaining P , we a "target theory" based equation used

in many other studies (ex. Webb et al., 1974; Platt et al., 1980; Cullen, 1990; Geider et al., 1996,

1997, and 1998):

P, = Pm" (1 -ePHQI ) (5.S4)

Since the Chlorophyll concentration is typically not at this ideal state, we parameterize

the synthesis terms accordingly. When Chlideal > Chl where Chi is the actual chlorophyll amount

(mol C cell-'), the cell is light limited and carbon storage and biomass synthesis are accordingly

reduced from their ideal rates by a factor Mchl (dimensionless):
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Chl
MChl = Chiideal (5.S5)

Alternatively when Childeal < Chl,

Mchl=1 - (5.S6)

Hence biomass production rate A (mol C cell-' s-1) and the carbon storage production PCstore are

evaluated as calculated as follows:

and

A = ;P1 -ideal Mehl (5.S7)

p = pChl idealmPCstore = Cstore AChi. (5.S8)

When Chlideal < Chl , the extra carbon fixed is assumed excreted to the environment at a rate

given by:

Exc = ChiP - A (1 + E) - PCstore . (5.S9)

Once biomass production rate A is computed, we can energetically and

stoichiometrically relate A to the biomass production balanced respiration rate RBio (mol 02

cell-' s^'), and to consumption of the nitrogen storage DNstore (mol N cell-' s-') respectively:

RBio = AYSYNTH (5.S 10)

and

DNstore =LYB (5.S 11)
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rO2:BIO
where YNTH (mol 02 mol C-') is the ratio of oxygen production and biomass synthesis, and

N-C
Y c (mol N mol C-1) is the N:C ratio in biomass. Also, we can stoichiometrically relate carbon

fixation rate to the photosynthetic oxygen production rate P0 2 (mol 02 cell-' s-'):

P0 2 = P1 ChlYNOH2YNTH (5.S 12)

where YNON-SYNTH (mol 02 mol C-1) is the 02/C ratio in the non-synthesis respiration (introduced

in Chapter 1). Using these rates, we can step forward in time equations (2)-(7).

We assume that the intracellular oxygen rapidly equilibrates (as is reasonable for small cells).

From the respiration rate and the oxygen production rate (equations (17) and (19)), the steady

state net oxygen consumption rate, V02 (mol 02 cell-' s-') can be calculated based on the balance

between the respiration and the production:

V0 2 = RBio - P0 2  (5.S 13)

Assuming equilibrium and solving equation (8), the intracellular oxygen concentration [qOELL

is obtained as follows:

[4ELL 2 2  (5.S 14)

(see Chapter 2 for description of diffusive oxygen uptake and the development of similar

solutions).

Dark period

During the dark period, the rates of nitrogen fixation and respiration are influenced by the rate of

consumption of stored carbon, which is the electron and energy source for both nitrogen fixation
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and respiration. The potential carbon storage decomposition rate (mol C cell' s') is based on the

availability of the carbon storage is represented by the following Michaelis-Menten form:

D "oental = max Cstore e (5.S 15)
Cstore + Cstore

where Dm' (mol C cell- 1 s-') is the maximum carbon storage decomposition rate, and KDco,

(mol C cell ) is the half saturation constant of the carbon storage for D otental This DotentiaalCStore T i - store

imposes the limit of nitrogen fixation and respiration based on the availability of the carbon

storage. In addition to that, respiration is limited by the potential oxygen uptake rate and the

enzymatically constrained respiratory potential. The potential oxygen uptake (mol 02 cell-' s-') is

obtained when the intracellular oxygen concentration is zero:

02 2]ential =47O2 02 ] (5.S 16)

where each variable is introduced in Chapter 1. The enzymatically constrained respiratory

potential (mol 02 cell-' s-1) increases with time after the initiation of the dark period and is

represented as follows:

"e = (tna k )P Cpotenial (5.S 17)

where t dark (s) is the time passed since the initiation of the dark period, P3 (dimensionless) and

Cotentia (unit depends on P3) are the power factor and the respiratory coefficient for Rpotental02 p enz:yme

We have used this power factor in order to express the observed non-linear time dependence of

respiration during the dark period (GroBkopf and LaRoche, 2012). If V eytential > Rfotenal, the

potential respiration rate Rjotentia (mol 02 cell-' s') is equal to R f"'jnoal , while

v"potential s Vte po sotental must be'tnil potettial itipqao 2 ote02tcell s-'). At the same time, R potential~ must be
02 -enzyme 002

203



larger than the minimum respiration rate for supporting nitrogen fixation. Also, we assume

pseudo steady state of cellular oxygen, thus:

R02 = V0 2

and CO2 production rate E /Z is computed as follows:

EL = O2c
Y NON-SYNTH

(5.S 18)

(5.S 19)

where YNO -SyNTH (mOl 02 mol C-1) is the ratio of oxygen consumption and carbohydrate

consumption in non-synthesis respiration.

The potential nitrogen fixation rate (mol N cell-' s- 1) is constrained by the availability of

nitrogenase enzyme:

N potential = Fe CN2 fix2 fix nitroge Fe-nitroge (5.S 20)

where Feniroge (mol Fe cell-) is the amount of iron in nitrogenase, and Ce-nitroge (mol N mol

Fe-' s-1) is the nitrogen-fixing capacity per nitrogenase iron.

We can ask whether the cell is nitrogen or carbon limited: i.e. whether there is enough

carbon stored to meet the demands of potential nitrogen fixation? To do that, we first define the

ideal carbon storage decomposition rate Didal, (mol C cell-1 s-') based on those nitrogen fixation

and respiration rates:

N potential yCH N

Dideal __ 
2 fix N 2fix

Csore RH2

potential

+ 02
o02:CHNON -SYNT H

where YNC2jf (mol C mol N-1) is the ratio of carbohydrate consumption (for electron donation for

nitrogen fixation) to nitrogen fixation, and Ri2 (dimensionless) is a coefficient for electron

recycling from hydrogen molecules. If D iel < Dc entialthe decomposition rate of carbon
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storage Dcsore is controlled by D eal and N2fix =N2 poential If Csoe > DCstore DCstore

controls the rate D(.,,r, and the nitrogen fixation rate is down regulated by D potetial

N2 fix
Dpotential O2ICH potential

DCstore -'NON -SYNT H - R02
CH:NY02:CH

YN2 fix NON-SYNTH

RH2 * (5.S 22)

Finally, if Rpotential > Dpoential , there is no nitrogen fixation and the respiration rate equals

D potentialCsoe We assume that all the fixed nitrogen goes to the nitrogen storage, thus,

PNswore N 2 fix (5.S 23)

and the nitrogen storage amount Nstore (mol N cell-1) for each time step is computed.

5.S2 Computation of iron metabolism

Light period

We have simulated the translocation of iron among different cellular components; photosystem

iron, buffer iron, and nitrogenase iron. Computing iron flux and iron content in each component

is essential in predicting photosynthesis and nitrogen fixation. The rate of iron translocation is

constrained by the amount of iron in each location.

When Chlideal > Chl there is translocation of iron from buffer to the photosystem, whose

flux FPho'o,"e (mol Fe cel- 1 s1) is represented as follows:

Photo - Fe ideal Photo -Fe Fe Buffer
FBuffer -Fe = (Fe Photo - Fe Ph010 )RBuffer -Fe Fe + K Buffer -Photo

Buffer FeBuffer

(5.S 24)

where Fe'hal (mol Fe cell-') is the ideal iron mass in the photosystem, FePhoto (molFe cell) is

the actual iron mass in the photosystem, Rf Phlo (s-1) is the photosystem production efficiency,
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Fe Buffer (mol Fe cell-') is the iron mass in the buffer, and KBu r -PhotO (mol Fe cell-) is the buffer

iron half saturation constant for F, Photo-Fe . We assume that the amount of the photosystem iron-Buffer-Fe'

per chlorophyll is constant so that Fe'dal (mol Fe cell-1) is obtained from Chl'deal calculated in

equation (5.S 3). Rph"r e is a function of time in the light period:

DPholo-Fe Photo-Fe
RBuffer-Fe light Buffer-Fe (5.S 25)

where C "ff e (s-) is a constant value.

When Chlideal s Chl, there is a flux of iron from the photosystem to the buffer FBufer-Fe

(mol Fe cell-' s-1), represented as follows:

FBuffer -Fe -F F ideal RBuffer - Fe Fe Photo
Photo-Fe ~ ePhoto Photo Photo-Fe Photo-Buffer

Fe photo + KFePhoto
(5.S 26)

where R, (s -e-1) is the rate constant for FBfrF and K~ept ~f (mol Fe cell-1) is thePto-Fe Photo- Fe FePhoto

photosystem iron half saturation constant for F Buffer-e . In addition to the iron transfer between

the photosystem and the buffer, there can be a flux of iron from nitrogenase to the buffer

FN r -F, (mol Fe cell-' s') if there is still some remaining iron in nitrogenase (this flux tends to

occur during the early light period):

F Buffer-Fe =Fe RBuffer-Fe
Nitroge -Fe Nitroge Nitroge-Fe Fe

Fe Nitroge

+ K Nitroge-Buffer
Nilroge FeNitroge

where FeNifroge (mol Fe cell-') is the amount of iron in nitrogenase, R ,uffre (s') is the raeNtoeNit roge -Fe k sterte

constant for FBuier-Fe , and KFeNitrogeBuffer (mol Fe cell-') is the nitrogenase iron half saturation

constant for the nitrogenase-buffer iron transfer. Finally, F Nio-Fe is assumed to be zero. With
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these fluxes, we predict the mass of iron in each cell component. FePholo , FeBu,er and

FeNitrogenas e are computed based on the balances of the above iron fluxes for each time step.

Dark period

During the early dark period, iron atoms move from the photosystem to the buffer, and the buffer

to nitrogenase. The flux of iron from the photosystem to the buffer (mol Fe cell-' s-1) is based on

the following equation:

F Bufer - Fe (Fe - Fe""i Buffer - Fe Fe Phot"
Photo - Fe ePhoto Photo ) Photo - Fe Fe + K Photo - Bufer

Photo FePhoto

(5.S 28)

where Fe",o (mol Fe cell-') is the minimum cellular iron in the photosystem and other

variables are the same as in equation (5.S 26). Then, the flux of iron from the buffer to

nitrogenase (mol Fe cell-' s-') is represented as follows in a similar form:

Nitroge - Fe = ideal - Nitroge -Fe
FBuffer -Fe =(Fe Nitroge FeNitroge ) Buffer- FeBfe-Fe Fe

Fe Buffer

+ K Buffer-NitrogeBuffer FeBuffer

where FeNdge (mol Fe cell-') is the ideal iron mass in the nitrogenase that fulfills the potential

nitrogen fixation rate based on carbon storage availability and oxygen concentration, R N"r'e -Fe

ByfleBut/er-Fe

(s-') is the nitrogenase production rate constant, and K f.r)NItroge is the buffer iron halfFeBqk

saturation constant for the flux of iron from the buffer to nitrogenase. R influenced by

the oxygen concentration, dark period time tdark (s), and carbon storage:

P5

R Nitroge-Fe _ Nitroge-Fe d )P4 ( nitroge [CELL store
Buffer- Fe Buffer-Fe dark 2 cri 2 C + K nitroge

store Cstore I
(5.S 30)
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where C Ni toge -Fe (unit varies depending on P4 and P5) is a constant term for RN roge -Fe PBuffer F Buffer -Fe

(dimensionless) is a power factor, necessary to accurately represent repeatedly observed non-

linear time dependence of nitrogen fixation (Mohr et al., 2010; Saito et al., 2011; GroBkopf and

LaRoche, 2012), [02 ]niroge (mol 02 m-) is a critical oxygen concentration below which

nitrogenase can be synthesized (thus, when [02>[02 ]nitroge Niroge - e -0), K rnitoe (mol C cell-cr1 Bufer-Fe 'Cstorecl

1) is a half saturation constant of CStore for nitrogenase production, P5 (dimensionless) is a power

term for carbohydrate-storage influence on nitrogenase synthesis.

Fe igl (mol Fe cell-') is computed based on the ideal nitrogen fixation rate. First, we

compute the ideal nitrogen fixation rate based on the concentration of the nitrogen storage and

carbon storage (mol N cell-' s):

ideal-store N max - N max Cstore
N2 fx storx str 2fx C + N2 fx(5S1ATa Cstore

storstore Cstore

max max
where Ntoae (mol N cell-') is the nitrogen storage capacity, N2f (mol N cell-' s-) is the

VN~~f 2 (mol N cell- ') is theHafstrio

maximum possible nitrogen fixation rate, and KOC oj (molCce~) is the Half saturation

constant of carbohydrate storage for nitrogen fixation. Then, we compare this value to another

ideal nitrogen fixation rate (mol N cell-'), which, this time, is based on the balance between

maximum carbon storage decomposition and maximum respiration:

ideal-balance Dmoax NO-otential f
N2 fix Cs 02CH CH:N RH2, (5.S 32)

N2fix NON-SYNTH N2fix
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ideal-store ideal-balance
We then take the lower value between N2 fix and N2 fix for the ideal nitrogen

ideal
fixation rate N2 i (mol N cell-1 s-1 ). Based on this value, we compute the ideal iron amount in

nitrogenase:

N ideal

FeNitroge CN2 fix (5.S 33)
Fe-nitroge

Based on the obtained fluxes through the above computations, FePhoo, Fe Bffr and Fe itrogenas

(mol Fe cell-1) (cellular iron in photosystems, iron-buffer, and nitrogenase, respectively) are

computed for each time step. sBu is assumed to be zero, but the flux of iron from

nitrogenase to the buffer can occur with a negative value of FNifroge- Fe

Late dark period

During the later night time, the cell starts preparing for the photosynthesis during the next light

period. The cell starts decomposing nitrogenase to retrieve iron in the buffer, preparing for

photosynthesis. Also, during this period, the respiration rate gradually decreases as the nitrogen

fixation rate decreases. In this model, we imposed linearly decreasing FNragenas and R otential

with time, reaching Fiogenase = 0 and energetically balanced respiration at the initiation of the

next light period.

5.S3 Parameterization

Tunable parameters
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In order to represent the dataset of GroBkopf and LaRoche (2012), we have tuned 27 parameters

(Table S3). In addition, we have set that the late dark period starts 7 hours after the initiation of

idealtl
the dark period. After the initiation of the later dark period, Nix and votental (potential

maximum oxygen uptake, thus potential maximum respiration in the pseudo steady state) start

decreasing linearly and become zero and a half respectively, at the end of the (late) dark period.

There can be a significantly different set of parameters that may equally well reproduce the

dataset. However, such different parameter set would not change our conclusion that

Crocosphaera employs similar oxygen-management strategies to those of Azotobacter will stay

same, since diffusivity, cell size, and respiration rate have specific influence on the model

results. We have used the same values, KF, for KBuffer Photo , K PhotoBuffer , K BufferNitroge, and

KNitroge-Buffer , and we have applied save numbers for P4 and P5, and KCto' and KCt2fe . For
FeNitroge CstDe N sfx ore

the cellular iron quota, we have used a constant value of 4.87 X 106 molecules per cell based on

the maximum value estimated in Saito et al., (2011). For oxygen uptake, we have used equation

(2.8) and (2.9) from Chapter 2 with a different value for r and E., relative diffusivity of the cell

membrane.
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Table S3 Values used for tunable parameters. The parameters are for 20% oxygen environment.

For 5% oxygen environment, we have used r=1 .28 X 10-6 (m) and other per-cell values except for

max

N2fiX are adjusted based on the volume difference between the two oxygen cases.

Parameter Value Unit

m

dimensionless

mol C mol Fe~1

mol C cell' s-'

mol N cell-'

(initial value)

mol N cell-'

mol N mol C-1

mol C cell-'

s-1

s-i

pE-1 m 2 S

mol C cell-' s-'

mol C cell~'

dimensionless

unit depends on P3

r

YCh:FePhoto

Xmax

Nstore

1.32 X 10-'

1.55 X 10-5

1.91 X 103

2.51 X 10-18

2.21 X 10-15

8.83 X 10-16

1 : 6

KNstore

YN:C

C maxstore

kstore

PImax

APHo

DmaxCstore

K Decom
Cstore

P3

C potential
02

1.19X 10-13

6.32 X I V

2.63 X 10-3

5.00 X 10-2

5.21 X 10-18

6.30 X 10-

2.00 X 100

2.00 X 10-26
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C N
2 fix

Fe-nitroge

c Photo-FeBuffer-Fe

KFe

R Buffer-FePhoto-Fe

R Buffer-FeNitroge-Fe

CNitroge-FeBuffer-Fe

P4

[OCELL ] noge

K nitroge
Cstore

N maxstore

max
N 2 fix

mol N mol Fe' s-1.00 X 10-1

2.40 X 10-1

4.53 X 10-'9

5.00 X 104

3.33 X 10-3

2.39 X 10-15

3.00 X

3.26 X

3.15 X

4.59 X

100

10-1

io-14

10-13

s-

mol Fe cell-

s-1

s-I

unit depends on P4

dimensionless

mo1 02 m-3

mol C celL'

mol N cell-'

mol N cell-' s-'5.21 X 10-19

Non-tunable parameters

In order to constrain other parameters, we have referred to Chapter 2 for the following

y2BO 0BIy02:CH 02CH NC

parameters; YTB (=Y O% in Chapter 2), YNONSYNTH ( - H m Yo (=0.2), and E. We

assume that 100% electron from hydrogen produced from nitrogen fixation, which leads to

Rm=4/3 (GroBkopf and LaRoche, 2012). Also, based on the electron balance between nitrogen

fixation and glucose decomposition, YCH N =1 (balance between (2.S6) and (T-2.S1 -3) in

Supplementary Material in Chapter 2).
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5.S4 Nomenclature

Table S4 Parameters, definitions and units used both in the main text and this supplementary

material. The parameters are listed roughly in order of appearance in Supplementary Material.

Parameter Definition Unit

CHc Intermediate carbohydrate pool mol C cell-'

t Time s

P, Photosynthesis rate per chlorophyll s-1

Chl Chlorophyll per cell mol C cell-'

Biomass production rate mol C cell-' s-'

E CO 2 production: Biomass production dimensionless

Pcstore Rate of carbohydrate storage production mol C cell-' s-'

DCstore Rate of carbohydrate storage decomposition mol C cell-' s-'

Exc Rate of carbohydrate excretion mol C cell-' s-'

Cstore Carbohydrate storage per cell mol C cell-'

Bioc Biomass per cell mol C cell-'

X Number density of cells cell m-3

Qc Cellular carbon quota mol C cell-'

NH: Cellular ammonium mol N cell-'

N Nitrogen fixation rate mol N cell-' s-'
2 f x

PNstore Rate of nitrogen storage production mol N cell-' s-'

DNstore Rate of nitrogen storage decomposition mol N cell-' s-'
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Nitrogen storage per cell

02 per cell

02 production rate

RBio

VO 2

AChl-ideal

Amax

KNstore

yN:C
Bio-all

yN:C

pCh -idealCStore

Cmaxstore

Rcstore

Chl ideal

Power coefficient for photosynthesis

Chl: Chlideal

N store

02

pO 2

Respiration rate

Oxygen diffusion into the cell

Potential biomass production rate under the ideal

amount of chlorophyll

Maximum biomass production rate

Nitrogen-storage-half-saturation constant for

biomass production

N : C in biomass with nutrient storage

N : C in biomass without nutrient storage

Potential carbon storage production rate under

the ideal amount of chlorophyll

Maximum carbon storage per cell

Rate constant for the production of carbon

storage

Chlorophyll per cell

Maximum photosynthesis rate per chlorophyll

pE-1 m 2 s

dimensionless

214

mol N mol C-

mol 02 cell-1

mol 02 cell-' s-'

mol 02 cell-' s-

mol 02 cell-1 s-'

mol C cell-' s-1

mol C cell-' s-'

mol N cell-'

mol N mol C-

mol N mol C-

mol C cell-' s-1

C mol cell-'

s-1

mol C cell-'

s-1
pmax

MChl

UM. - h 49.. I 1 11 - - I I - I -- , "



ys2:BIO Oxygen consumption: Biomass production in
SYNTH

biosynthesis

02:CH Oxygen consumption: Carbohydrate
VON-SYNTH

consumption in non-synthesis respiration

[OCELL] Cellular oxygen concentration

[021 Environmental oxygen concentration

Dmax Maximum rate of carbohydrate storage

decomposition

D potential Potential rate of carbohydrate storageCstore

decomposition based on the storage size

K Decom Half saturation constant of the carbon storage for
Cstore

D potential
Cstore

2vxotential Potential oxygen uptake rate by diffusion

Effective diffusion constant of oxygen

Enzymatically constrained respiratory potential

tdark Time passed since the initiation of the dark

period

P3 Power factor for Renae

potential Respiratory coefficient for R potential

Potential respiration rate

Potential rate of nitrogen fixation

mol 02 mol C-1

Y

mol N cell-' s-1
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K0 2

R potentialenzyme

C

R potential02

N potential
2 fix

mol 02 mol C~'

mol 02 m-3

mol 02 m-3

mol C cell-' s-1

mol C cell-' s-1

,mol C cell-'

mol 02 cell-' s-'

m2 s-1

mol 02 cell-1 s-1

s

dimensionless

unit depends on P3

mol 02 cell-1 s-



I - 6 ~ a V ' 1 .I 1 -I - I 1~ .1 1~P 1 ' ..I. , II .

Nitrogenase iron per cell mol Fe cell-'

Nitrogen-fixing capacity per nitrogenase iron

Ideal rate of carbon storage decomposition

Carbohydrate consumption : Nitrogen fixation

Coefficient for electron recycling from hydrogen

mol N mol Fe-1 s-

mol C cell-1 s-'

mol C mol N-1

(dimensionless)

molecules

Chlorophyll to iron ratio

Iron in the photosystem per cell

Translocation of iron from the buffer to the

mol C mol Fe-1

mol Fe cell-'

mol Fe cell-' s-1

photosystem

Translocation of iron from the photosystem to mol Fe cell-1 s-1

the buffer

Iron in the buffer per cell

Translocation of iron from the buffer to

mol Fe cell-1

mol Fe cell-1 s-1

nitrogenase

Translocation of iron from nitrogenase to the mol Fe cell-1 s-

buffer

Iron in nitrogenase per cell mol Fe cell-'

mol Fe cell-'Ideal iron mass in the photosystem

Photosystem production efficiency s-1
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Fenitroge

CN2fixCFe-ntroge

D ideal
Cstore

YCH:N
N2fix

YChl:FePhoto

FePhoto

F Buffer- Fe
Photo-Fe

FeBuffer

Nitroge - Fe
"Buffer-Fe

F Buffer-Fe
'Nitroge -Fe

FeNitroge

Feideal
Fe Photo

R~hoo-F



tlight Time passed since the initiation of the light

period

C Photo-Fe Coefficient for RPhoto-Fe
Buffer-Fe Buffer-Fe

Half saturation constant of buffer iron for mol Fe cell-1

F Photo-FeBuffer -Fe

S-1

Half saturation constant of photosystem iron for mol Fe cell-

K Photo -Buffer
FePhoto

RBffer -Fe Rate constant for FBufferFeNIroge -Fe Nitroge-Fe

K Nitroge -Buffer
KFeNitroge

Half saturation constant of nitrogenase iron for mol Fe cell-'

F Buffer - Fe
Nitroge - Fe

Minimum iron amount in the photosystem

Ideal iron mass in nitrogenase

mol Fe cell-1

mol Fe cell-1

s-1

Half saturation constant of the buffer iron for mol Fe cell-1

F Nitroge -Fe
Buffer -Fe

constant term for unit depends on P4

P4 power factor for RNroge - FeBuffer - Fe

Critical oxygen concentration below which

dimensionless

mol 02 m-3

nitrogenase can be synthesized
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s

K Buffer-PhotoFeBuffer

R Buffer-Fe Rate constant for F Buffer - Fe
"Photo-Fe Photo-Fe

K Photo-BufferFePhoto

s-1

FeminePhoto

F idealeNitroge

R Nitroge -Fe Rate constant for F Nitroge - Fe
Buffer -Fe Buffer -Fe

C Nitroge -Fe
Buffer-Fe

[0 1 nitroge
10'2 J cri

Aw dwh - . I I . 11, 1 11_ I . '', . - . , , , I _-. ''. 11.1 1



K nitroge Half saturation constant of CStore for nitrogenase
Cstore

production

P5 Power term for carbohydrate-storage influence

on nitrogenase synthesis

ideal-store Ideal nitrogen fixation rate based on the
N2 fix

concentration of the nitrogen storage and carbon

storage

Nmax Maximum nitrogen storagestore

N max Maximum possible nitrogen fixation rate
2 ix

KN2f Half saturation constant of carbohydrate storage

for nitrogen fixation

ideal-balance Nitrogen fixation rate based on the balance
N 2 fix

between maximum carbon storage

decomposition and maximum respiration

N ideal Ideal nitrogen fixation rate
2 fix

r Cytoplasmic radius

EMn Relative diffusivity of the cell membrane

mol C cell-'

dimensionless

mol N cell-' s-'

mol N cell-'

mol N cell-' s-'

mol C cell-'

mol N cell-' s-

mol N cell-' s-'

m

dimensionless
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Chapter 6

Summary and future directions

Throughout this thesis, we have developed the cell flux model and applied it as a tool to interpret

traits and trade-offs for several micro-organisms. The model provides an intuitive and

quantitative description of key metabolic constraints, growth rates and growth efficiencies of

micro-organisms. In each chapter we have adapted the cell flux model in order to answer specific

questions, spanning chemoheterotrophic nitrogen fixers, small prokaryotic phytoplankton, and

small, unicellular photo-autotrophic nitrogen fixers. The models have provided simple but

logical interpretations of the laboratory data sets, and suggested some new interpretations of cell

physiology.

In each chapter, we have asked specific questions all of which eventually lead to deeper

understanding of nitrogen fixation and nitrogen fixers. In Chapter 2, we have asked what

decrease the growth efficiency of nitrogen fixers. In Chapter 3, our question is "How do carbon,

oxygen and ammonium co-limit nitrogen fixation?". In Chapter 4, we have investigated how

light and nutrient co-limit phytoplankton growth. In Chapter 4, we have asked how

Crocosphaera manage oxygen during the dark period. In order to answer these questions, we

have developed and adapted the cell flux model for each microorganism we have studied.

In the future, the model will be further developed and applied to a wider variety of

microorganisms, or even macroorganisms, as a tool to describe and interpret cell physiology. At

the same time, the model will be plugged into various ecosystem models, increasing the

biological resolution, and providing higher flexibility.
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6.1 Chapter Summary

In Chapter 2, we have developed the cell flux model for chemoheterotrophic nitrogen fixers to

study what makes theirs growth inefficient. The model has been brought into consistency with

the data of Azotobacter vinelandii (Kuhla and Oelze, 1988) quantifying the cost of nitrogen

fixation. In a high oxygen environment, carbohydrate expenditure is dominated by the indirect

cost of respiratory protection, far outweighing the direct cost of nitrogen fixation. At low oxygen

concentrations the costs associated with biomass production becomes more important. We have

demonstrated that the observed, non-linear increase of carbohydrate consumption with increasing

oxygen concentration can be attributed to increasing cell size or decreasing the diffusivity of the

cell membrane layers. Either of these strategies is less costly than respiratory protection alone.

Finally, the model is informative about the oxygen management strategies of other nitrogen

fixers, such as Crocosphaera, heterocystus cyanobacteria, and Trichodesmium.

In Chapter 3, we have incorporated direct ammonium uptake into the cell flux model for

chemoheterotrophic nitrogen fixers to study when and how much ammonium suppresses

nitrogen fixation. Assuming that the organisms optimize metabolism in order to maximize the

population provides good simulations and a clear explanation leading to a good fit between

model and the experimental data for Azotobacter vinelandii (B~hler et al., 1987a, 1987b). The

study provides a quantitative approach for modeling nitrogen fixation in the presence of fixed

nitrogen.

In Chapter 4, we have adapted the cell flux model for photo-autotrophy to study light-nitrogen-

phosphorus-co-limited growth of phytoplankton. Although in the previous chapters we have
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consider a stoichiometrically defined, bulk "biomass" as the end product of biosynthesis, in this

chapter we have resolved classes of macromolecules including proteins with different functions,

phospholipids in thylakoid membranes, DNA, RNA and different nutrient storages in order to

simulate and interpret the chemostat culture data in Healey (1985). By expressing various

macromolecules, the model provides new insights into the growth and physiology of

phytoplankton. The model provides an interpretation for the repeatedly observed differences

between growth-rate-dependence on nitrogen and phosphorus quotas. It encapsulates the

quantitative differences between nitrogen and phosphorus storage capacities. The model

indicates that the cellular chlorophyll maximum and maximum growth rates under different light

intensities are the result of a spatial constraint: despite some flexibility, cells of a given size

eventually run out of room for additional machinery. Finally, the model predicts the biomass

concentration for various culture conditions and provide the basis for a mechanistic and

quantitative representation of light-nutrient co-limitation of phytoplankton growth in dynamic

environments.

In Chapter 5, we have adapted the cell flux model to simulate the unicellular-photoautotrophic-

nitrogen-fixer Crocosphaera and to examine how this organism manages oxygen. The model is

based on that for Azotobacter vinelandii (Chapters 2 and 3) combined with a representation of

photo-autotrophy similar to that described for Synechococcus spp. (Chapter 4). In addition, we

have resolved a diurnal iron exchange between nitrogenase and photosystems. In this study, we

hypothesize that Crocosphaera has a similar oxygen-management strategy to that of

Azotobacter, which are (1) respiratory protection, (2) size adaptation, and (3) the production of

extracellular oxygen barriers. Simulations of the batch culture studies from GroBkopf and
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LaRoche (2012) are qualitatively and quantitatively improved when incorporating these three

oxygen management strategies. We hypothesize that Crocosphaera manages oxygen with similar

strategies to Azotobacter.

Significance of this thesis

Through this thesis, we have quantitatively demonstrated that the oxygen is an important factor

in nitrogen fixation and the growth of nitrogen fixers. In Chapter 2, the model shows that oxygen

management accounts for a large fraction of the carbohydrate budget for nitrogen fixers,

especially at high oxygen concentrations. In Chapter 2, the model has shown that not only

oxygen influences the magnitude of nitrogen fixation, but also it influences the minimum

carbohydrate : ammonium ratio of the resource at which nitrogen occurs. In Chapter 3, the model

implies that marine unicellular nitrogen fixers apply similar oxygen management mechanisms to

the terrestrial unicellular nitrogen fixers, indicating that the costs of oxygen management is

universal.

The model that we have developed throughout this thesis is simple, but it captures the

important processes of cells, such as respiration, biomass production, photosynthesis, storage

production/decomposition and nitrogen fixation. Since the model is flexible, it can be applied to

other organisms, such as diatoms and calcifiers, or potentially express symbiosis such as Diatom

Diazotroph Associations. In addition, because the model is computationally efficient, it can be

applied to a wide range of studies, including cellular physiology, ecology, and biogeochemistry.

In the next section, we describe the application of the model to various problems.
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6.2 Future directions

Our future projects are roughly separated into two parts: the further development of the cell flux

model and the application of the cell flux model. In this thesis, we have developed the cell flux

model for some functional types of nitrogen fixers and phytoplankton. However, the microbial

community is much more diverse, and we aim to adapt the cell flux model to describe and model

other micro-organisms such as diatoms and calcifiers. The knowledge from developing the cell

flux model can also be implemented into, and improve, current generation marine ecosystem

models. For example, based on the knowledge, we can express more diverse nitrogen fixers in

the ocean ecosystem models. In addition, we can adapt the macromolecular scale cell flux model

for phytoplankton to the dynamic environment. This dynamic model will be simple enough to be

adapted to various functional types of micro-organisms, which in turn can be applied

to/incorporated into ecosystem models such as the Darwin model in MITgcm.

Short term goals

Developing the cellflux modelfor diatoms

To apply the cell flux model to diatom species, we adopt Raven's (1983) hypothesis that diatoms

grow efficiently partially due to the low cost associated with the production of silica frustule,

relative to a carbon based cell structure. Although there is a certain maintenance cost for silica

frustule as suggested in Hecky et al., (1973) and Raven (1983), the cost for the production of

silica frustule is much smaller than the production of organic biomass (Raven, 1983). We can

quantitatively explore this hypothesis in our cell flux model.

We will modify the phytoplankton cell flux model by incorporating the production of

silica frustules, which also involves an organic component providing a protective skin to prevent
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the frustule dissolving (Figure 6.1). We have two potential strategies for modeling the production

of silica shells. The first strategy is to assign an average elemental composition of the silica

shells, and based on this elemental composition, we will build appropriate half reactions. The

challenge here is that we have yet to find such laboratory data. Also, the explicit energetics of the

production of the organic material in silica frustule has yet to become available.

The alternative strategy is to separate the organic skin production and silica frustule, and

include the organic skin part in the biomass pool. This will enable us to only think about the

energy difference before and after the dehydration synthesis of silicic acid. Although we still

have to estimate what "n" is in silica frustule SiO 2 - nH20, this strategy makes the system

simpler than the first strategy. We will start from this second solution, while we keep

investigating the availability of data for the elemental ratio of the diatom shell.

Photon
C02

Pigment

NHH

s(OH).

Figure 6.1 Cell flux model applied for Diatoms. Black solid arrows and red dashed arrows

represent elemental and energy fluxes, respectively. The green layer represents the silica

frustule.
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For the uptake of nutrient, there are different mechanisms for each species of diatom.

Some species, such as Thalassiosira eccentrica, have column shaped silica frustule, and the

uptake of nutrient occurs through the bottom and top parts with different diffusivities (Mitchell et

al., 2013). Thus we may explore and model these geometric and structural differences.

We will first approximate with a complete sphere, thus applying the diffusion uptake

model based on (Staal et al., 2003). Depending on the different shape or diffusivity of the

membrane of diatom, we can systematically adjust the diffusion efficiency term. Although this is

a highly idealized approximation, it simplifies the model parameterization.

We can also consider the eddy transport of nutrient for large diatom species. The size of

diatom varies between a few tens of microns to over one hundred microns. For the large diatom

species, not only molecular diffusion, but eddy diffusion can influence the uptake of the nutrient

(Barton et al., 2014). We could adjust the eddy diffusivity depending on the dilution rate of

chemostat culture. Also, we will replace the silica frustule to the appropriate amount of organic

membrane and compare the difference in the growth cost. These explorations will provide a

quantitative indication of whether, and by how much, silicification represents an energy saving

for the diatom compared to a similarly sized, non-diatom phytoplankton.

Developing the cell flux models for calcifiers

To model calcifiers, we hypothesize that what makes calcifiers distinct from other functional

types is the calcium carbonate shells and the production of the shells require certain

concentration of calcium ions in the coccolith vesicle (Paasche, 2002) (thus, the growth can be
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limited by the investment in controlling the internal chemistry (analogous to the oxygen control

in nitrogen fixers)). Also, calcium carbonate liths influences the nutrient uptake.

Photon 
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Figure 6.2 Cell flux model applied for Calcifiers. Black solid arrows and red dashed arrows

represent elemental and energy fluxes, respectively. The cream layer represents the calcium

carbonate shell.

For the uptake of nutrient, there can be an impedance of nutrient flow due to the shell.

The simplest way to deal with this impedance is to add a layer of calcium carbonate outside of

the cell membrane and adjust the diffusion efficiency. We will build two types of uptake model:

porter uptake with calcium carbonate layer impedance, and diffusion uptake with calcium

carbonate layer impedance. We will choose a model to use depending on whether the molecule is

transported through the inner membrane by diffusion or by transporters.

Modeling the biogeography of nitrogenfixers in the global ocean
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Efforts have been made to develop predictive models for the biogeography and activity of

nitrogen fixers in the ocean (Moore et al., 2002, 2004; Coles and Hood, 2004, 2007; Monteiro et

al., 2010, 2011; Saito et al., 2011; Dutkiewicz et al., 2012; Stukel et al., 2014; Dutkiewicz et al.,

2015). While these models have contributed to the overall understanding in traits-tradeoffs and

biogeography of nitrogen fixers, nitrogen fixers are more diverse than modeled so far (Riemann

et al., 2010; Zehr et al., 2011; Sohm et al., 2011). What controls the distribution of different

functional types of nitrogen fixers? Since different nitrogen fixers influence the ecosystem and

biogeochemistry in unique ways, it is essential to express and predict the distribution of different

functional types of nitrogen fixers in the ocean.

In this project, we will extend the models of Monteiro et al., (2011) and Dutkiewicz et

al., (2012) in order to express six distinct functional types of nitrogen fixers based on the

knowledge of the cell flux model in this thesis. Those six functional types are Trichodesmium,

uni-cellular photoautotrophic nitrogen fixer with intracellular iron recycling (e.g. Crocosphaera

(Saito et al., 2011), uni-cellular photoautotrophic nitrogen fixer without intracellular iron

recycling (e.g. possibly Cyanothece), endosymbiotic diatom-diazotroph association (DDA) (e.g.

Hemiaulus-Richelia symbioses (e.g. Foster et al., 2011)), exosymbiotic diatom-diazotroph

association (e.g. Chaetoceros-Richelia symbioses (e.g. G6mez et al., 2005; Foster et al., 2011)),

UCYN-A-prymnesiophyte association (e.g. Thompson et al., 2012). In this project, we aim to

reproduce a similar pattern of these different functional types of nitrogen fixers to the general

pattern described in literature (e.g. Sohm et al 2011).

We differentiate these functional types by giving different parameters for each

functional type. For example, we can differentiate Trichodesmium from endosymbiotic and

exosymbiotic DDA by giving DDA higher maximum growth rates and growth limitation by
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silica. Similarly, we can differentiate unicellular photoautotrophic nitrogen fixer from UCYN-A-

prymnesiophyte association by giving the association higher maximum growth rate but higher

half saturation constants for iron and phosphorus due to the simpler metabolism of UCYN-A but

larger phosphorus and iron requirements for prymnesiophyte. We also plan to incorporate

oxygen's influence on the growth rate based on this thesis. We will use the model to simulate

and interpret the distribution of different nitrogen fixers, which in turn contributes our

understanding in physiological and ecological control of nitrogen fixation in the global ocean.

Modeling dynamic growth ofphytoplankton

Although studying phytoplankton in the steady state culture is extremely informative

constraining the costs and benefits of phytoplankton growth under different light and nutrient

environment (Chapter 4), the growth of phytoplankton more typically occurs in dynamic

environments in the ocean. Thus, in order to incorporate the cell flux model for phytoplankton in

the dynamic ecosystem models, we need to adapt the model to the dynamic environment and

dynamic growth. In the process of making the model dynamic, we need to address the following

questions.

" How do different nutrient concentrations influence the cellular macromolecular

compositions?

* How do macromolecular compositions fluctuate with the light-dark cycle?

" How does light influence the macro-molecular compositions in dynamic nutrient

environment?
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We will address these questions based on what we have learned in Chapter 4. We aim to

maintain the model simple and fast enough to be compatible with a global ocean ecosystem

models.

Long term goal: application of the cell flux model to global scale ocean ecosystem modeling

As introduced in Chapter 1 and 4, the growth of phytoplankton is highly idealized in current

ecosystem models. In order to address more diverse phytoplankton community, the model needs

to incorporate more detailed physiology than Monod or Droop types of models (Monod, 1949;

Droop, 1968, respectively). Thus, we aim to incorporate the cell flux model to Ocean ecosystem

models such as the Darwin model (Follows et al., 2007; Dutkiewicz et al., 2009) with MITgcm

physical framework (Marshall et al., 1997a, 1997b). In this project, we need to address following

challenges.

0 Despite the advance in computational capacity, in order to be run in the 3D ocean ecosystem

models, the model still needs to be computationally light and efficient.

0 Most current ecosystem models do not include diurnal cycles.

In order to address the first challenge, the cell flux model has to avoid any loops or

complex algorithms. In addition, the model has to be kept as simple as possible. The cell flux

model is a part of a few loops (e.g. loop for the time, space, plankton species, etc.), the length of

the model programming linearly influences the computational time. In order to be make the

model as efficient as possible, we may need to further simplify and streamline the cell flux

model.

For addressing the second challenge, we can either incorporate the diurnal cycles in the

ecosystem model, or adapt the cell flux model to the "averaged" light intensity during the day.

While the former strategy is more challenging and needs collaboration with the ocean dynamists,
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the latter one is relatively simple and it can be done by developing a calibration method based on

the laboratory data and the model output.

This cell flux-ocean ecosystem coupled model will provide link between physiology

and the growth/competition of phytoplankton in the ocean. In other words, It will be the tool to

connect cell biology and biochemistry to the ecosystem and biogeochemistry in the global ocean

more explicitly than ever before.

With the coupled model, we can address new questions; for example:

" What is the impact of Prochlorococcus having a large proportion of sulfolipid on the ocean

biogeography?

" How much does Prochlorococcus having low GC content in their DNA and RNA help them

propagate in the ocean?

" Why is there no super-bug in the ocean? (We may address this question from the view point

of space and energy limitation in the cell).

* Why are heterocystous cyanobacteria mostly symbiotic in the ocean? (We can address this

question by incorporating solitary heterocystous cyanobacteria analogue of the cell flux

model)

* How does having silica frustule help diatoms acquire their niche?

* How does changing ocean pH influence the photosynthesis and biogeography of calcifiers?
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