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Microbial interactions structure ecosystems and fuel biogeochemical cycling. The metabolic
activities operating in the ocean are critical to the entire planet. In this work, I focused on
interactions between diatoms and heterotrophic bacteria. Diatoms are a group of unicellular
brown algae with frustules composed of silica. They form the base of coastal and polar
marine food webs and contribute one fifth of global primary productivity. The inorganic
nutrients fixed by oxygenic photosynthesis fuel secondary productivity by marine bacteria.
Marine bacteria and diatoms have a range of different interaction strategies; many are still
being elucidated.

In Chapter 1, I studied the antagonistic effects of a flavobacterium on diatom cell division.
Croceibacter atlanticus inhibits cytokinesis in many species, causing the cells to elongate,
become mutlinucleated, and filled with plastids.

In Chapter 2, I created a metabolic model of the diatom Thalassiosira pseudonana using
the genome and physiological data from the literature. Simulations of diatom growth using
Flux Balance Analysis revealed a role for nitrate and sulfate assimilation in dissipating
reductants from the plastid. Changing redox and nutrient conditions causes the cell to
secrete metabolites including organic carbon, nitrogen, and sulfur.

In Chapter 3, I created a metabolic model of the Bys-producing alphaproteobacterium

Ruegeria pomeroyi. Previous work has demonstrated that R. pomeroy: will provide cobal-



amin to T. pseudonana in Bis-starvation conditions in exchange for organic sulfur and ni-
trogen. I constrained the metabolic models with transcriptomic data of T. pseudonana and
R. pomeroyi in co-culture and simulated their interaction.

The distinct character of metabolites produced by diatoms likely fuels interactions with
bacteria capable of utilizing those molecules. Bacteria influence diatom metabolism by in-
terfering with the cell cycle, through nutrient-limitation, by altering redox conditions, and
providing the cofactors required for growth. In this work, I have contributed to the liter-
ature exploring the complexity of diatom-bacteria interactions, where chemical or peptide
cues, signals, and antagonists underlie the dynamics of microbial interactions. I have also
created a framework for exploring more general metabolic exchanges between diatoms and
bacteria. Genome-scale metabolic modeling of interactions between distinct marine microbial
communities may be key to accurately predicting the character of dissolve organic matter in

the ocean.
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INTRODUCTION

Interactions between phototrophic and heterotrophic microbes form the base of the mod-
ern oceanic food web [1]. Microscopic algae capture light energy in the upper layers of the
ocean and transform inorganic nutrients into biomass and and biomolecules. Bacteria in the
surrounding waters recycle photosynthetically-derived organic matter by consuming dead

phytoplankton or the metabolites leaked from living cells.

Diatoms are a particularly important group of marine phototrophs in nutrient-rich wa-
ters because their heavy silicified frustules can cause them to sink, transporting assimilated
carbon, nutrients, and metals away from the atmosphere and the ocean surface [2]. Diatoms
are a genetically and morphologically diverse group of phytoplankton, encompassing an esti-
mated 100,000 different species [3]. They range in scale from micrometer to millimeter, and
may be described as pennate or centric, chain-forming or unicellular [4]. Diatoms occupy
a wide range of habitats across the globe: planktonic and benthic, marine and freshwater,
polar and subpolar sea ice. There are few limits on diatom dispersal, many species have a

global distribution [5, 6].

The evolutionary history of diatoms has been shaped by endosymbiotic transfer events,
where genes of bacterial or algal origin were integrated into the ancestral diatom genome
[7, 8]. The diatom mitochondrion contains genes originating from alphaproteobacteria while
the plastid contains genes from cyanobacteria. The plastid genome was inherited through
a secondary endosymbiotic event where a red algal cell was engulfed by the heterotrophic
ancestor of diatoms. Additionally, there is evidence that a chlamydial symbiont contributed
genetically to the progenitor of photosynthetic eukaryotes [9, 4]. The genome sequences of the
pennate diatom Phaeodactylum tricornutum and the centric diatom Thalassiosira pseudo-

nana suggest extensive ancient and more recent lateral gene transfer between prokaryotes



and photosynthetic heterokonts after the divergence with oomycetes. In the genome of P.
tricornutum, 587 (or 7.5% of) gene models cluster with prokaryotic clades or form a sister
group to those clades. Three hundred and twenty-three of those genes are shared with the
more basal centric diatom 7. pseudonana, while only 73 genes are shared with the more
ancestral oomycete Phytophthora spp. Fifty-nine of those genes are also shared with 7.
pseudonana, suggesting that many of the prokaryotic genes in diatoms were transferred after
the divergence with oomycetes. Many laterally transferred genes are part of novel functions
and structures, including organic carbon and nitrogen utilization, the urea cycle, polyamine
metabolism for cell was silicification, novel cell wall components, putative photoreceptors,

and unorthodox mechanisms of DNA repair, replication, and recombination [10].

Diatoms account for about 20% of global primary productivity [11] and for up to 90%
of regional productivity [12]. Phytoplankton release organic matter into the environment,
stimulating the growth of heterotrophic bacterioplankton [13]. Epibiotic bacteria are known
to attach to cell features that release organic matter. In the diatom genus Pseudo-nitzschia,
diverse bacterial morphotypes can be found underneath the cingulae, along the raphe, and
above the poroids of striae of cells using various attachment structures including pili, fimbria,
holdfasts, mucous, or exopolymers [14].

Heterotrophic bacterioplankton that associate with diatoms typically belong to three dif-
ferent clades: Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes [15, 16]. These
different groups of bacteria specialize in degrading distinct types of organic matter produced
by phytoplankton, resulting in substrate-dependent succession over the course of a diatom
bloom [17]. During a spring diatom bloom in the North Sea, Bacteroidetes abundance in-
creased five-fold while the abundance of Alpha- and Gammaproteobacteria doubled in the first
week. Proteomics revealed that Alphaproteobacteria specialize on the transport and utiliza-
tion of low molecular weight organic matter, while Bacteroidetes and Gammaproteobacteria
specialize in the degradation of high molecular weight carbohydrates [17]. Bacteroidetes are
often found attached to particles and are some of the first to profit from algal lysis, while

Gammaproteobacteria dominate the end of the bloom and contributed to algal decay. Al-



though heterotrophic bacteria can occupy different niches provided by the distinct types of
organic matter produced by diatoms, there is steep competition for phosphate between di-
atoms and the different groups of bacteria which have distinct strategies for acquiring phos-
phate. Phosphate limitation likely contributed to bloom termination as well as increased
exudation of organic carbon by diatoms [17].

Some of the first studies on diatom-bacteria interactions focused on the apparent para-
dox that diatoms would hasten their own demise during phosphate limiting conditions [18]
due to increased production of polysaccharides that contributed to bacterial growth [19].
The nature of secreted metabolites can also be impacted by the metabolic properties of
different bacteria. When Phaeodactylum tricornutum and Donghicola sp. were grown on
monomethylamine as the sole source of nitrogen, Donghicola sp. secreted NHJ that allowed
the diatom to grow and secrete organic carbon for the bacteria — an interaction that could
be characterized as mutualistic. In contrast, Methylophaga sp. uses monomethylamine as a
source of both carbon and nitrogen, and P. tricornutum received NHJ for free in an inter-
action that could be characterized as commensal [20]. More recent work [21, 22, 23, 24| has
leveraged transcriptomics and metabolomics to discover the variety of metabolites exchanged
between mutualistic diatoms and bacteria. There is increasing recognition that the exchange
of vitamins and cofactors may be a key benefit for phytoplankton. The picoeukaryotic alga
Ostreococcus tauri can grow in co-culture with the alphaproteobacterium Dinoroseobacter
shibae; O. tauri receives cobalamin and thiamine from the bacterium and D. shibae receives
niacin, biotin, and p-aminobenzoic acid from the alga [25]. In my work I have explored the
question: ‘How do heterotrophic bacteria impact diatom physiology?’

In Chapter 1, I uncovered a novel type of interaction between the flavobacterium Cro-
ceibacter atlanticus and diatoms. C. atlanticus is a globally-distributed species that has been
isolated from multiple diatom cultures. The bacterium inhibits diatom cell division, while
still allowing the proliferation of plastids and nuclei. This work has been published in the
ISME Journal in 2016 [26]. Work by our collaborators has shown that C. atlanticus secretes

a peptide inhibitor that causes multiple different diatom species to become multi-nucleated



and filled with plastids. These changes are likely to have a profound impact on diatom
metabolism and sinking rates.

In Chapter 2, I constructed a genome-scale metabolic model of the diatom Thalassiosira
pseudonana CCMP 1335. The model was constrained with realistic nutrient uptake rates,
rates of Oy production, and respiration. I simulated T. pseudonana growth under a range
of different nutrient conditions and predicted the excretion of different metabolites. I found
that nitrate and sulfate uptake play an important role in dissipating reductants from the
plastid. The balance of nutrient uptake and changing redox conditions results in the secretion
of organic nitrogen and sulfur. In this way diatom physiology can shape interactions with
bacteria.

In Chapter 3, I studied the mechanism of metabolic interaction between T. pseudonana
and the roseobacterium Ruegeria pomeroyi DSS-3. R. pomeroyi provides vitamin Bis to the
diatom in cobalamin-starvation conditions in exchange for organic nitrogen and sulfur. I
constructed a genome-scale model of the roseobacterium Ruegeria pomeroyi DSS-3. Tran-
scriptomics data of R. pomeroy: and T. pseudonana growth in co-culture was re-analyzed
in the context of these metabolic networks, and I found that 7. pseudonana showed signs of
vitamin By, limitation. A simulation of interaction between R. pomeroy: and T. pseudonana
using genome-scale metabolic models constrained by transcriptomics data indicated that

aspects of the interaction can be attributed to the physiological effects of By limitation.
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Chapter 1

UBIQUITOUS MARINE BACTERIUM INHIBITS DIATOM
CELL DIVISION

Van Tol, H.M., Amin, S.A., and Armbrust, E.V. (2017). Ubiquitous marine bacterium
inhibits diatom cell division. The ISME Journal. 11: 31-42. doi:10.1038/ismej.2016.112.

1.1 Abstract

Intricate relationships between microorganisms structure the exchange of molecules between
taxa, driving their physiology and evolution. On a global scale, this molecular trade is an
integral component of biogeochemical cycling. As important microorganisms in the world’s
oceans, diatoms and bacteria have a large impact on marine biogeochemistry. Here, I describe
antagonistic effects of the globally distributed flavobacterium Croceibacter atlanticus on a
phylogenetically diverse group of diatoms. I used the model diatom Thalassiosira pseudo-
nana to study the antagonistic impact in more detail. In co-culture, C. atlanticus attaches to
T. pseudonana and inhibits cell division, inducing diatom cells to become larger and increase
in chlorophyll a fluorescence. These changes could be explained by an absence of cytoki-
nesis that causes individual 7. pseudonana cells to elongate, accumulate more plastids and
become polyploid. These morphological changes could benefit C. atlanticus by augmenting
the colonizable surface area of the diatom, its photosynthetic capabilities and possibly its

metabolic secretions.

1.2 Introduction

The ocean is a dilute environment with a microbial density of ~ 10® bacteria per milliliter of

seawater [1] and 10-1000 times fewer phytoplankton. To survive low nutrient concentrations,
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marine microbes commonly form close associations with one another to facilitate metabolic
and nutrient exchanges. Consequently, interacting networks of phytoplankton and bacteria
recycle most fresh organic carbon in the sunlit layers of the upper ocean, while a relatively
small fraction of photosynthetic products remains dissolved in the water column or sinks to
the sea floor [2, 3.

Marine microbes experience a complex and heterogeneous chemical milieu that is unlike
the macro-environment described by bulk measurements [4]. A thin boundary layer of fluid
termed ‘the phycosphere’ surrounds algal cells [5]. In the phycosphere, molecular gradients
are governed by diffusion [6] and altered by the activities of bacteria that accumulate through
chemotaxis [7, 8] and reproduction. As the thickness of diffusive boundary layers scales with
surface area [9], larger phytoplankton may harbor more bacteria than smaller phytoplankton.
Bacteria modify the phycosphere by excreting metabolites, consuming metabolites produced
by the algae or other bacteria, consuming and regenerating nutrients or making nutrients
more bioavailable. As a result, bacteria turn the phycosphere into a dynamic micro-niche
by shaping the environmental signals perceived by algae. Over time, co-evolution between
algae and bacteria is likely to have resulted in interactions between these two groups.

Diatoms are an ecologically important group of phytoplankton that have a major role in
supporting fisheries and driving the marine carbon cycle [10, 11]. Specific bacterial phyla,
mainly the Proteobacteria and Bacteroidetes [12], are commonly associated with diatoms.
Beneficial and detrimental bacteria can be isolated from phytoplankton cultures, but their
roles in the ocean and their mechanisms of antagonistic activity remain under-studied [13,
12]. Beneficial bacteria typically provide a useful service to the diatom in exchange for organic
nutrients; for example, Ruegeria pomeroyi provides vitamin Bqs to Thalassiosira pseudonana
in exchange for the organic sulfur compound 2,3-dihydroxypropane-1-sulfonate [14]. Many
detrimental bacteria are from the phylum Bacteroidetes or the class Gamma-proteobacteria
[13] and are thought to harm phytoplankton by secreting proteases or other algaecides [15,
16, 17].

Previously, bacteria belonging to the Sulfitobacter, Hyphomonas, Limnobacter, Mari-
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nobacter and Croceibacter genera were isolated and identified from several cultures of the
coastal diatom Pseudo-nitzschia multiseries originating from the Atlantic and Pacific Oceans.
To probe interactions between the diatom and these bacteria, P. multiseries cultures were
made axenic and a series of co-culture experiments were performed with the different bacte-
rial isolates. Some isolates increased the growth, whereas others inhibited the growth of P.
multiseries [18]. Here I report on the activities of Croceibacter atlanticus, an antagonistic
flavobacterium from the P. multiseries consortium, which impacts diatom DNA content, cell
division and cell morphology. This type of antagonistic effect has not, to my knowledge,
been previously reported in the marine environment and could have important implications

for understanding bloom dynamics and organic matter fluxes in the ocean.

1.3 Materials and methods

1.3.1 Culture acquisition and maintenance

Nitzschia sp. RCC 80 was acquired from the Roscoff Culture Collection (Roscoff, France);
Thalassiosira weissfloggic CCMP 1052, T. oceanica CCMP 1003 and T. pseudonana CCMP
1335 from the National Center for Marine Algae and Microbiota (NCMA, East Boothbay,
ME, USA); Pseudo-nitzschia multiseries CLNN-17 and P. multiseries CLN-47 from Stephen
Bates and Claude Léger of Fisheries and Oceans Canada (Moncton, NB, Canada). P. mul-
tiseries CLN-47 is the product of a cross performed ca 2001 between environmental strains
CL-143 and CL-147 collected from the Bay of Fundy, Canada; P. multiseries CLNN-17 is
the product of a cross between CLN-47’s siblings CLN-35 and CLN-48 performed at the
end of 2006. P. multiseries PC9 and GGA2, and P. fraudulenta OC1 were isolated from
Penn Cove WA, in 2010, from Golden Gardens WA in 2010, and from Newport Beach CA
in 2011 by Michael Carlson, and P. multiseries IOES-1 from East Sound WA in 2010 by
Irina Oleinikov. Pseudo-nitzschia species were identified using PCR primers to amplify and
sequence a polymorphic region of the internal transcribed spacer 1 [19].

All strains were maintained as semicontinuous batch cultures in f/2 medium [20] at 13°C
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in a 16-h light/8-h dark diurnal cycle (~ 120 uE m~2 s7!) except RCC 80 and CCMP 1003,
which were maintained at 20°C in 24-h light conditions (~ 120 uE m~2 s™!). For experimental
work, Pseudo-nitzschia strains and CCMP 1335 were acclimated to the synthetic seawater
medium Aquil [21]. To monitor diatom division rates, in vivo chlorophyll a fluorescence was
measured daily with a 10-AU fluorometer (Turner Designs, Sunnyvale, CA, USA) 1 —2h
before the end of the dark period.

The bacteria Marinobacter sp. SAl4 and C. atlanticus SA60 were isolated from P.
multiseries CLNN-17 in 2010; C. atlanticus HV2 was isolated from P. multiseries GGA2 in
2012. These strains were identified by their 16S ribosomal RNA gene sequence [18] (GenBank
accession no.: KM033246, KM033280, KM033233). I acquired the C. atlanticus type strain
HTCC 2559 from the American Type Culture Collection (ATCC, Manassas, VA, USA). All
bacterial isolates were stored in 15% glycerol stocks at —80°C.

Pseudo-nitzschia strains IOES-1, PC9, GGA2 and OC1 were ‘cured’ of associated bacteria
by adapting a protocol from ref. [22], treating cultures with the detergent Triton X-100 (20
pg ml~!) and an antibiotic cocktail (per ml: 50 ug streptomycin, 67 ug gentamycin, 20 pg
ciprofloxacin, 2.2 pg chloramphenicol and 100 pug ampicillin) as described in ref. [18]. CCMP
1335 is maintained bacteria-free by the National Center for Marine Algae and Microbiota
(NCMA). The absence of bacteria in these cultures was verified periodically by examining
SYBR green-stained cultures with epifluorescence microscopy and by checking for bacterial
growth in marine broth (MB; per 1: 5 g peptone, 0.5 g yeast extract and 750 ml 0.2 pm
filtered seawater; [23]).

1.3.2  Co-culture experiments

To assess the range of possible hosts for C. atlanticus, I performed a series of co-culturing
experiments between different diatoms and the three C. atlanticus strains. Before each
experiment, bacterial glycerol stocks were plated at room temperature on marine agar (MB
with 1.5% w/v agar). Single colonies were inoculated into MB and grown overnight with

shaking at 30°C. Triplicate co-cultures were initiated by inoculating an exponentially growing
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diatom culture (initial relative chlorophyll a fluorescence units ~ 0.5) with ~ 4 x 10° bacteria
ml~! (initial bacterial concentration). This concentration of C. atlanticus was chosen because
it is within the range of concentrations certain flavobacteria reach in the euphotic zone during
a diatom bloom [24]. Control cultures were treated in each experiment with 0.01-0.20% (v/v)

MB to match the initial concentrations of growth media added with bacteria.

More comprehensive experiments were conducted with 7. pseudonana CCMP 1335 and
C. atlanticus SA60 with the goal of honing in on the mechanism of antagonistic activity.
T. pseudonana cells were grown exponentially in the organic carbon-free artificial medium
Aquil [21] to ~ 10° cells mi~! and diluted to an initial concentration of 2500 cells ml~! for
the experiment. Overnight cultures of C. atlanticus were grown in MB to a density of ~ 10°
cells ml~! and either added directly to the diluted T. pseudonana cultures or added after
washing 2x with either Aquil, fresh MB, or the spent MB from an overnight grown culture
after the bacteria were removed by centrifugation and the media filtered through a 0.2 um
filter. Washing consisted of centrifuging 1 ml cell cultures at 3220 x g and 10°C for 5 min and
replacing the supernatant with 1 ml media. These experiments were designed to determine
whether C. atlanticus secretes a growth inhibitor into MB in the absence of diatoms, and
whether C. atlanticus can grow on diatom-produced metabolites. As C. atlanticus is non-
motile except for surface gliding [25, 26], the initial concentration of C. atlanticus added to
each co-culture was increased to ~ 2 x 10° cells ml~! for an initial ratio of about 800 bacteria
per diatom cell, enhancing the encounter rate with diatoms and increasing the likelihood of
early attachment. For diatom control treatments, 0.2% v/v of fresh MB, fresh Aquil media,
or 0.2% v/v of the sterile-filtered spent overnight MB media was added to cultures of T.
pseudonana growing in Aquil.

Samples (1 — 2ml) for flow cytometry were collected each day 0.5-1.5 h after the start of
the light period and preserved in 1% buffered paraformaldehyde and 0.05% glutaraldehyde,
incubated 20-30 min, flash frozen in liquid nitrogen and stored at —80°C [27]. Samples (1-2
ml) for epifluorescence microscopy were taken from a single replicate of each sample and

were preserved in 8-9ml Aquil with 2% glutaraldehyde and stored in the dark at 4°C.
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Specific growth rates (u, day™') were estimated from in vivo chlorophyll a fluorescence
(relative fluorescence units) or cell counts (flow cytometry) measured during the exponential
growth phase. Specific growth rate is defined as the natural log cell number or fluorescence
at time t9 over the cell number or fluorescence at time t; divided by the difference between
ty and t1. Percent growth inhibition for the co-cultures was defined as the difference between
Heontrol A0 Lico—cuiture divided by pieontror multiplied by 100. Final cell concentrations (C,
cells ml™1) were defined as the maximum value for each replicate growth curve measured by
flow cytometry cell counts. Means were calculated from triplicate cultures unless otherwise
indicated.

In a separate experiment, the hypothesis that C. atlanticus requires amino acids as a
supplementary nutrient in co-culture was tested. 7. pseudonana was grown exponentially
in Aquil to ~ 3 x 10° cells ml~! and diluted to an initial concentration of ~2000 cells ml~*.
Overnight cultures of C. atlanticus were grown in MB to a density of ~ 10? cells ml™!, washed
2x with Aquil and added to 7. pseudonana at an initial concentration of ~ 2 x 10 cells for
an initial ratio of 1000 bacteria per diatom cell. Each co-culture was amended with MEM
Amino Acids solution (1:200 dilution, product no.: M5550, Sigma-Aldrich Inc., St Louis,
MO, USA), MEM non-essential amino-acid solution (1:400 dilution, product no.: M7145,
Sigma-Aldrich Inc.), a mix of both solutions, or nothing (duplicate samples each). After a

5-day incubation period, flow cytometry samples were collected as described previously.

1.3.3 Epifluorescence microscopy

Microscopy was used to provide phenotypic evidence of the interaction and to interpret flow
cytometry results. Polyvinyl alcohol basal solution (Mowiol 4-88, Sigma-Aldrich Inc.) was
prepared as described by ref. [28] and stored as 200 ul aliquots in amber microcentrifuge
tubes at —20°C. Fresh staining solution was prepared by adding 2 ul of freshly prepared
1 M ascorbic acid and 4 pl SYBR Green I (Invitrogen, Waltham MA, USA) to 200 ul
basal solution. Samples preserved in 2% glutaraldehyde were gently filtered onto black

polycarbonate membrane filters (0.2 pm pore size, 25 mm diameter, Poretics, Osmonics Inc.,
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Minnetonka, MN, USA). The filters were air dried on glass slides cleaned with 70% ethanol
and then attached to the slide with 5 ul of staining solution. An additional 14 ul of staining
solution was pipetted onto a cover slip that was flipped onto the filter. Air bubbles were
squeezed out and the cover slip was sealed in place with clear nail polish. The samples were
examined by epifluorescence microscopy with a 470/40 nm blue excitation 515 nm long-pass
emission filter set (x100 magnification, Eclipse 80i, Nikon, Tokyo, Japan; 11001v2, Chroma
Corp., Rockingham, VT, USA) on the day of slide preparation and sections of the slide were
imaged (MicroPublisher 3.3 RTV, QImaging, Surrey, British Columbia, Canada). Slides
were stored in the dark at —20°C. All microscopy images can be accessed from the figshare
online digital repository (doi:10.6084/m9.figshare.3471488).

ImageJ (Rasband, 2016), image analysis software, was used to measure diatom length
and diameter (or just diameter depending on the cell orientation), plastid surface area, and
to count nuclei from control and co-culture treatments at t = 2 days and ¢t = 6 days. Each
image was split into three channels Red Green Blue (RGB) and measurements were made on
cells that were in focus. The wand tool was used in the red channel to measure the surface
area covered by plastids for each diatom cell. The number of nuclei per cell was counted in
the green channel. Length and diameter measurements (or minimum and maximum lengths)
were also taken with the straight-line selection tool in the green channel, using nonspecific

SYBR Green staining or attached bacteria as a guideline for the cell boundaries.

1.3.4 Flow cytometry

Flow cytometry was used both to count T. pseudonana and unattached C. atlanticus cells as
well as to compare the light scatter and emission properties of the T. pseudonana population
in co-culture and mono-culture. Flow cytometry measurements were made on an influx flow
cytometer (BD/Cytopeia Inc., Seattle, WA, USA) equipped with two 10% neutral density
filters and a 488 nm laser; data collection was triggered by forward light scatter. Samples
were stained with SYBR Green I (1:10 000 dilution) and incubated in the dark on ice for

at least 20 min. To minimize coincidence and improve population resolution, flow rates and
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sample concentrations were adjusted to achieve event rates below 1000 s~!. Two-micrometer
beads were added to each sample as an internal standard (PolySciences Inc., Warring- ton,
PA, USA). Samples were run for 5 min before data collection to allow the stain to equilibrate.
Samples were run until at least 200 7. pseudonana cells were counted. Forward light scatter,
side scatter and emission at 692 nm (40 nm band pass) (chlorophyll a fluorescence) were
measured on a log scale. A flow meter was used to measure the volume sampled.

Flow cytometry standard files were processed with the lowCore and flowStats libraries in
R [29, 30]. Each population of cells was semiautomatically gated with the lymphGate func-
tion from the flowStats library after a rectangular pre-selection. 7. pseudonana was gated in
the forward scatter and 692/40 nm emission dimensions, whereas C. atlanticus and the 2 pm
beads were gated in the forward scatter and 530/40 nm emission dimensions. These gating
parameters were chosen to effectively separate the population of chlorophyll a-containing
particles from the unattached bacteria. The accuracy of gated populations was visualized
with scatter plots from the flowViz library [31]. 7. pseudonana distributions were normalized
to the 2 um beads before analysis. Beads were inadvertently not added to a T. pseudonana
(t = 3 days) replicate and a T. pseudonana+fresh MB (¢ = 5 days) replicate before data
collection; these samples were therefore removed from further analysis. Flow cytometry data

can be accessed from the figshare online digital repository (doi:10.6084 /m9.figshare.3471455).

1.8.5 Statistical analyses

R was used to plot in vivo chlorophyll a fluorescence and flow cytometry data, and the R
stats package (https://stat.ethz.ch/R-manual/R-devel/library/stats/DESCRIPTION) was
used to perform all statistical analyses (v. 3.22.6). Two sample t-tests with a significance
cut-off value of 0.05 were used to compare growth rates and final cell concentrations (u, C') of
different treatments as well as microscopy measurements made with ImageJ. A chi-squared
test with a significance cutoff value of 0.05 was used to compare the distributions of nuclei
counted in different treatments.

When discussing the co-culture treatments, T. pseudonana cells with attached bacteria is
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sometimes refer to as ‘colonized cells’. The flow cytometry data were not normally distributed
according to Shapiro-Wilk test results. Q-Q plots showed that control populations tended
to have a slightly positive skew while colonized populations skewed increasingly negative
over the course of the experiment, making data transformations intractable. I therefore used
one-tail Wilcoxon rank sum tests with a significance cutoff of 0.05 to test for significant
differences between the forward scatter, side scatter, and red fluorescence per cell of the
T. pseudonana populations over time. Given that nonparametric tests with large sample
sizes can be sensitive to small statistical differences with little biological meaning, I designed
the test to detect a significant shift for a given time point if the colonized T. pseudonana
population mean was greater than the control population mean by as much as the upper
quartile of all samples from the control population, a relatively consistent metric over time.

Replicate samples were merged to compare control and colonized treatments over time.

1.3.6 C. atlanticus genome

The sequenced genomes of C. atlanticus was used to look for evidence of metabolic deficien-
cies in the bacterium that could be supplemented by metabolites from diatoms. C. atlanticus
strain Pm1 was sequenced by the Joint Genome Institute as part of the P. multiseries genome
project. The C. atlanticus strain Pm1 genome corresponds to the first scaffold in the prokary-
otic assembly file (http://genome.jgi-psf.org/Psemul /download /Psemul _prokaryotic_scaffolds.fasta.gz).
The C. atlanticus type strain genome sequence (HTCC 2559) is publically available from
GenBank (accession number CP002046). Strain SA60 was sequenced at the Center for En-
vironmental Genomics (Seattle, WA, USA). DNA from SA60 was extracted using a DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA, USA), sheared into 1-2-kb fragments (Hydros-
hear, Applied Biosystems, Waltham, MA, USA), and a 50 bpx50 bp mate-paired library
was generated (Genomic Solutions Ltd, Cambridgeshire, UK). Emulsion PCR was used to
attach the library to beads (Life Technologies, Research and Development Unit, Carlsbad,
CA, USA); approximately 56 million beads were deposited and sequenced with a SOLiD 4
Next Generation Sequencer (Life Technologies). Sequencing generated 98,959,690 reads (or
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49,479,845 mate pairs), which resulted in 74,025,907 reads (12,275,915 singlets and 30,874,996
mate pairs) after quality control. The short-read de Bruijn graph assembler Velvet was used
for de novo contig assembly [32] and five scaffolds were generated with SEAStAR graph_ops
[33]. Scaffold order was determined by alignment to the HTCC 2559 genome.

All three genomes were submitted to the Integrated Microbial Genomes Expert Review
(IMG ER) gene prediction and annotation pipeline [34]. The genome sequences and their an-
notations are publically available through IMG (http://img.jgi.doe.gov submissions: 15010,
11665, 11666). LASTZ was used to align the Pm1 and SA60 genomes to the type strain [35];
aligned segments were plotted [36] in R (v. 3.22.6). Overall genome percent identity was
calculated from a bl2seq alignment as the number of matches x100 divided by the alignment
length between each genome and HTCC 2559.

The BioCyc organism-specific Pathway/Genome Databases (PGDBs; ref. [37] were used
to compare the amino-acid biosynthesis, vitamin biosynthesis and inorganic nutrient utiliza-
tion pathways of T. pseudonana CCMP 1335 and C. atlanticus HTCC 2559. The HTCC
2559 PGDB is not curated and the T. pseudonana PGDB is missing some genes, likely due
to lack of homology. For this reason, the results were verified in the SA60 genome and partial
pathways were sometimes considered to be evidence that the whole pathway is present in 7.

pseudonana.

1.4 Results and discussion

1.4.1 C. atlanticus is commonly associated with P. multiseries in culture

Three strains of C. atlanticus from three different P. multiseries cultures were identified
based on 16S ribosomal DNA sequence identity with the C. atlanticus type strain HTCC 2559
isolated from the Sargasso Sea [25]. The P. multiseries isolates were collected from different
locales and maintained in culture for varying lengths of time. C. atlanticus HV2 was isolated
after 2 years in culture with P. multiseries GGA2. C. atlanticus strain SA60 was isolated

from P. multiseries strain CLNN-17, although the bacterial consortium was likely derived
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from the original parental strains (CL-143, CL-147), both isolated from the Bay of Fundy
~10 years prior. The genome sequence of C. atlanticus strain Pm1 was identified in sequences
derived from the P. multiseries strain CLN-47 genome project. CLN-47 is an F'1 generation
cross produced ca 2001 from parental strains CL-143 and CL-147 and sequenced after 5 years
in culture (Supplementary Table 1.1); CLN-47 has since been lost and no available isolate is
associated with the C. atlanticus Pm1 sequence. The detection of C. atlanticus in several
diatom cultures with different origins and culturing time in the laboratory indicates that it
is a common, long-term member of the bacterial consortia associated with P. multiseries in

culture.

1.4.2  Antagonistic impact of C. atlanticus on diatoms

When co-cultured with P. multiseries IOES-1, C. atlanticus strains SA60, HV2 and HTCC
2559 all displayed a similarly negative impact on the growth of the diatom. Within hours
of inoculating P. multiseries with the different strains of C. atlanticus, in vivo chlorophyll a
fluorescence of the co-culture began to decline, leveling off within about 6 days (Figure 1.1).
Similar results were obtained with the closely related diatom P. fraudulenta (Table 1.1).
Epifluorescence microscopy revealed that C. atlanticus strain HV2 proliferated on the cell
surface of both P. multiseries and P. fraudulenta (Supplementary Figure A.1). These results
differ significantly from co-culturing with other bacteria from the consortium. For example,
in previous work Sulfitobacter sp. SA11 enhanced the growth of P. multiseries [18], whereas
Marinobacter sp. SA14 did not influence diatom growth (Figure 1.1). The antagonistic
effect of C. atlanticus was unexpected given the observed long-term co-habitation of this
bacterium with various P. multiseries strains in culture.

All three C. atlanticus strains negatively impacted a variety of diatoms to varying degrees
of severity (Table 1.1). Growth inhibition by C. atlanticus was not restricted to diatoms
nor did it correlate with diatom phylogeny. Strong inhibition was observed with the closely
related P. fraudulenta but not with Nitzschia sp. RCC 80; moderate inhibition was observed

with two distantly related diatoms 7. pseudonana and T. oceanica and no inhibition was
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Figure 1.1: Effect of three different C. atlanticus isolates on the growth rates of P. multiseries
IOES-1. The growth rates of P. multiseries are indistinguishable from each other when 0.05% v /v
of either fresh MB media (n = 2) or an overnight grown culture of Marinobacter sp. (strain SA14)
at ~ 4 x 10° bacteria ml~! (n = 3) is added to diatom cultures at ¢t = 0 h. Growth rates and cell
yield are significantly inhibited when overnight grown C. atlanticus isolates (n = 3 each; Table 1.1,
Bonferonni-adjusted p < 0.05) are added to the diatom culture at a final concentration of ~ 4 x 10°
bacteria ml~!. Error bars indicate +1 s.d. or the range (for n = 3 or 2, respectively) and are shown

when larger than symbol size.
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observed with T. weissflogii (Table 1.1). Ref. [38] found that the pelagophyte Aureococcus
anophagefferens was also inhibited by an isolate of C. atlanticus from Great South Bay,
New York, although the extent of the inhibitory effect was not reported. Two of the seven
tested diatoms were not impacted by the addition of C. atlanticus; neither of these diatom
strains was axenic, raising the possibility that members of the pre-existing bacterial consortia
from those diatoms mitigated the impacts of C. atlanticus. This possibility may explain
how C. atlanticus remained a consistent member of the P. multiseries consortium without
completely arresting diatom growth. Complex host-independent patterns of interaction have
been observed in many host-dependent microbiomes (for example, ref. [39]), and likely exist

in the diatom microenvironment as well.

1.4.83 Mechanism of antagonistic effect of C. atlanticus on T. pseudonana

I chose to focus on the diatom-associated strain SA60 given the similarity in antagonistic
phenotypes of the three C. atlanticus strains and their high genome sequence identities —
the SAG0 genome is 98% identical and the Pm1 genome is 99% identical to HTCC 2559 at
the nucleotide level and both are missing a genome segment involved in alginate metabolism
(Supplementary Figure A.2). The interaction between strain SA60, and the model diatom T.
pseudonana CCMP 1335 was examined in more detail because the annotated whole genome
of this diatom is available [40], with complementary metabolomic data [41], and because the
cells are small enough to analyze with flow cytometry.

Epifluorescence microscopy revealed that in co-culture, C. atlanticus cells colonized the
cell surface of T. pseudonana while a number of C. atlanticus cells remained unattached to
the diatoms. As C. atlanticus is non-motile except for surface gliding [25, 26|, association
with the diatom likely proceeds by random encounter followed by attachment and replication
on the cell surface of the diatom. In acclimated non-axenic cultures and in nature, it may
be that vertical transmission from parent to daughter cells is a more important mechanism
of maintaining associations over multiple generations. The C. atlanticus population counted

by flow cytometry consists of the unattached portion of the bacterial community—those cells
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that did not encounter 7. pseudonana and any cells that detached from the diatom either
naturally or during sample processing.

In the previous co-culture experiments (Figure 1.1, Table 1.1), an aliquot of overnight
grown cultures of C. atlanticus cells in spent MB was added directly to the different diatom
cultures. Although in each instance the added MB media was diluted 500-10 000-fold (Table
1.1), variable amounts of undefined organic matter, as well as any growth inhibitor potentially
released by C. atlanticus into the MB, were also added to the co-cultures. I therefore carried
out a series of experiments to determine potential sources of the antagonistic effects on
diatoms.

First, I tested whether C. atlanticus constitutively released a diatom growth inhibitor into
the MB during overnight growth in the absence of diatoms. An aliquot of filter-sterilized MB
media from an overnight grown C. atlanticus culture was added to a T. pseudonana culture
and did not significantly, decrease the growth rate (p13354 freshmrs = 1.01 £ 0.02 day ™,
p1335+spentis = 1.08 £ 0.05 day™!, p = 0.13) or final cell concentration (Cisssy freshmn =
7.76 £0.57 (x10°) cells ml™, Clazsyspentrp = 7-71+0.80 (x10°) cells ml™!, p = 0.94) of the
diatom (Figure 1.2a). These results suggest that C. atlanticus does not constitutively release
a growth inhibitor into MB under these conditions, at least at an effective concentration.
By contrast, another study showed that the flavobacterium Kordia algicida constitutively
secretes a protease that negatively impacts several diatoms [16]. One diatom, Chaetoceros
didymus, appears to deactivate the algicidal activity of K. algicida through production of its
own counter-acting protease-degrading enzymes [42]. It is not clear whether T. pseudonana
can similarly degrade low concentrations of the C. atlanticus growth inhibitor.

Second, I asked whether C. atlanticus required a component of the organic matter carried
over in the MB inoculum to elicit the negative effect on the diatom. When C. atlanticus
cells were washed with the organic carbon-free diatom medium Aquil before addition to the
T. pseudonana culture, the bacteria did not divide in co-culture with T. pseudonana, did
not attach to the T. pseudonana cells nor did they impact the growth rate or final cell
concentration of the diatom (1335 = 0.93 + 0.05 day™!, p335:5460 = 0.97 & 0.04 day~*,
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p = 0.40; Cl335 = 6.26 4+ 0.65 (x10°) cells mI™!, Ci3354 5460 = 7.70 £ 0.03 (x10°) cells ml™?,
p = 0.06; Table 1.2, Figure 1.2b). In contrast, a C. atlanticus overnight culture washed
with spent MB before addition to the co-culture remained antagonistic indicating that the
washing step itself did not impact the C. atlanticus phenotype (p1335+5460 = 0.39 £ 0.07
day™, w1335+ 5460centrifugea = 0.44 +0.03 day™*, p = 0.29; Ciazsrsa60 = 4.15 + 0.1 (x10%)
cells ml™, Clsssisa60centrifugea = 4.07 £ 1.42 (x10%) cells ml™!, p = 0.9; Supplementary
Figure A.3). This result suggests that specific nutrients present in MB and required in
co-culture were not supplied by the diatom, at least at the start of the experiment.

To rule out that washing the cells in Aquil was toxic to the bacterium and inhibited its
antagonistic activity, amino acids were added to Aquil-washed C. atlanticus in co-culture
with T. pseudonana and bacterial growth was rescued (Supplementary Figure A.4). The
amino-acid formulations used in this experiment include two mixtures of amino acids (named
essential and non-essential based on cultured mammalian cell nutrient requirements). C.
atlanticus requires both mixtures for growth, implying that there are amino acids in both
solutions that are required by C. atlanticus.

The extent of the negative impact when supplemented with MB appeared to be related to
C. atlanticus growth rate in co-culture. When C. atlanticus cells were washed with spent MB
rather than fresh MB, the unattached C. atlanticus cells displayed a lower growth rate in co-
culture, (tspent = 1.810.08 day ™, firesn = 2.264+0.11 day ™!, p = 0.01) and reached a lower
final cell concentration (Cypene = 2.57 £ 0.06 (x107) cells ml™!, Cfpeqn = 3.01 £ 0.01 (x107)
cells mI™! | p = 0.01). This lower C. atlanticus growth rate translated into a significantly
reduced impact on the 7. pseudonana growth rate (59% vs 71% inhibition, Table 1.2). These
results reinforce the idea that the observed detrimental effect is driven by proliferation of C.
atlanticus whose growth is supported by nutrients present in MB.

These co-culturing experiments show that the Aquil-washing step eliminates nutrients
required for the growth of C. atlanticus in co-culture, and that early exponential phase
cultures of T. pseudonana do not provide sufficient organic matter to support C. atlanticus

cell division. C. atlanticus growth can, however, be rescued by the addition of amino acids
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Media supplement P s (day™) oo cutture® s.d. (day™') % Growth inhibition
None (Aquil) 0.93 + 0.05 0.97 + 0.04 0
0.2% v/v fresh marine broth 1.01 +0.02 0.29 +0.03 71
0.2% v/v spent marine broth 1.08 +0.05 0.44 +0.03 59

®Leontror 18 the diatom growth rate in the absence of bacteria.

Table 1.2: Impact of Croceibacter atlanticus on the growth rate of Thalassiosira pseudonana

or MB to co-culture. In the absence of nutrients, C. atlanticus does not attach to the diatom
cells and the antagonistic phenotype is not induced. In contrast, when C. atlanticus cells
are added to the diatom cultures along with sufficient organic nutrients, the unattached
cells continue to divide, presumably attaining a cell density that provides a sufficiently high
encounter rate with the diatom cells. C. atlanticus likely has a mechanism to recognize and
attach to diatom cells; perhaps algal exudates serve as infochemicals that induce colonization
after an encounter. Once C. atlanticus cells attach to a diatom, they appear to proliferate
on the cell surface, likely due to the enhanced flux of diatom-released nutrients at the cell

surface not seen in the bulk media.

1.4.4 Effects of C. atlanticus on the cell size, morphology and DNA content of T. pseudo-

nana

Microscopy and flow cytometry measurements of diatoms in mono-culture and co-culture
indicated that over the course of a few days, T. pseudonana cells with attached bacteria
elongate (Figures 1.3a and b, Supplementary Figure A.5), are filled with more plastids (Fig-
ure 1.3¢), and typically possess more nuclei (Figure 1.3d) than cells without attached bacteria
(Figure 1.4). In treatments where both C. atlanticus and MB were added, the vast majority
of T. pseudonana cells hosted attached bacteria by the second day of co-culture (Figure

1.4a).

In examining both the means and distributions of flow cytometry parameters and mi-
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Figure 1.2: Effects of C. atlanticus SA60 and its growth media on the growth of T. pseudonana

CCMP 1335. Symbols mark the mean of diatom and unattached bacterial cell concentration (circles,

triangles) when grown alone, in the presence of C. atlanticus waste products, or in co-culture (white,

gray, black; n = 3 biological replicates £1 s.d. and are shown when larger than symbol size).
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croscopy measurements, a time course of the impact of C. atlanticus on T. pseudonana was
apparent. Within 2 days of the addition of C. atlanticus cells, the growth rate of T. pseudo-
nana in co-culture decreased significantly relative to the control (Figure 1.2a), whereas the
chlorophyll a fluorescence (692/50nm emission) per cell in colonized populations increased
significantly (p = 0.001) (Figure 1.4b, Supplementary Figure A.6). Microscopy measure-
ments of the cellular surface area covered by plastids suggest that elevated chlorophyll a
fluorescence is correlated with an increase in the number of plastids per cell (Figures 1.3¢
and 1.4). By day 3, the forward scatter of colonized T. pseudonana populations increased
(p = 0.001) (Figure 1.4b, Supplementary Figure A.6). Increased forward scatter is often cor-
related to increased cell size [43], although this relationship is sometimes affected by other
refractive properties of the cell [44]. However, microscopy measurements of T. pseudonana
diameter and length (Figures 1.3a and b) leads to the conclusion that increased forward
scatter of colonized cells can be attributed to their increased cell size. By day 4, side scatter
values also increase significantly (p = 0.001) (Figure 1.4b, Supplementary Figure A.6). The
reason for these shifts are not known, but changes in side scatter distributions may be related
to cell shape, cytoplasmic granularity and differences in internal cell structures [44]. T also
observed that T. pseudonana sank to the bottom of the culture tubes in treatments where
the cells were colonized, possibly as a result of morphological changes. The similar pattern
between cell length measurements and cell area covered by plastids suggests that the number

of plastids scales with cell size.

Epifluorescence microscopy indicated that by day 6 the larger, SYBR Green-stained col-
onized T. pseudonana cells commonly possessed two or more nuclei rather than a single
nucleus as observed in control cultures (Figure 1.3d). A significant proportion of cells with-
out a nucleus were also observed on day 6 using microscopy (Figure 1.3d). This is suggestive
of nuclear disintegration and DNA fragmentation, which accompanies apoptosis [45]. C. at-
lanticus thus appears to manipulate the cell cycle of the diatom, stimulating both polyploidy

and nuclear disintegration.

Increased DNA content is often correlated with enhanced cell size [46, 47] as well as in-
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creased metabolic activity [48, 49]. I hypothesize that manipulation of the diatom cell cycle
could therefore be an effective strategy for C. atlanticus to induce morphological and phys-
iological changes in its host that enhance the release of required metabolites. For example,
C. atlanticus is unable to synthesize the amino acids isoleucine, valine, leucine and arginine,
all of which T. pseudonana produces within its plastids and mitochondria, which may be
more abundant now that the diatom is larger (Supplementary Table A.2, [40]). In addition,
the C. atlanticus genome encodes a variety of peptidases and carbohydrate active enzymes
(CAZYmes) and C. atlanticus can grow in defined media with amino acids as its sole source
of organic carbon and nitrogen (data not shown). Secretion of carbohydrates and peptides
by T. pseudonana [41] could also fulfill C. atlanticus nutritional requirements.

Polyploidy occurs naturally in a variety of plant, mammalian and insect cell types [49].
It has also been observed at nutrient exchange points between fungal or bacterial pathogens
or symbionts and their host cells [48]. As ploidy correlates linearly with gene expression
and metabolic flux, it has been hypothesized that increased DNA content may be a common
biological mechanism to cope with increased metabolic demands [48]. In particular, primary
metabolism (glycolysis, respiration and fermentation), transport, and plastid-localized pro-
duction of metabolites are sensitive to increases in ploidy [48]. In mammals, pathogenic
bacteria are known to target cell cycle progression of their host cells through production of
effectors known as cyclomodulins [50]. These effectors regulate the expression of cyclins and
cyclin-dependent kinases, required for cell cycle progression. Analogously, growth-promoting
and pathogenic bacteria can interfere with the plant cell cycle hormonal balance to modulate
host cyclin and cyclin-dependent kinase activity [51]. Whether C. atlanticus manipulates 7.
pseudonana cell division through a similar disruption of cyclin-mediated cell cycle progression

requires further study.
1.5 Conclusion

Flavobacteria such as C. atlanticus have a reputation as fast-growing r-strategists that spe-

cialize on initiating organic matter degradation near the end of algal blooms [24]. These
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the surface area per cell covered by plastids show the distribution of data including the median,
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nucleus count per cell for colonized and control diatoms after 2 and 6 days in culture. Asterisks
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Figure 1.4: Attachment of C. atlanticus to T. pseudonana and impacts on diatom morphology.
(a) Representative epifluorescence micrographs from the experiment portrayed in Figure 1.2 show
C. atlanticus attachment to 7. pseudonana and morphological changes over the course of the
experiment. Diatom plastids autofluoresce red, SYBR Green-stained DNA from the diatom nucleus
and the bacteria fluoresce green. The co-culture micrographs for day 4 and 6 focus on the diatoms
rather than the attached bacteria to show examples of polyploidy. Scale bar = 10 ym. (b) Increased
forward and side scatter values (blue, turquoise) over time show how C. atlanticus impacts the size
and shape of T. pseudonana. Shifts in the 692/40 nm emission distribution (red) over time indicate
that C. atlanticus impacts the amount of chlorophyll per cell. Colored polygons are representative
distributions of T. pseudonana population scatter and fluorescence characteristics in co-culture;
white polygons show the same for a control population. Distributions represent the fractions of

total cells in a population.
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results raise the possibility that some flavobacteria could contribute to diatom bloom decline
if they, like C. atlanticus, are capable of halting cell division. The colonized diatom pop-
ulation appears to survive until the late stationary phase when there is some indication of
nuclear disintegration. As C. atlanticus is only capable of gliding motility, it cannot actively
seek out a new host and must continue to colonize an arrested diatom cell. By causing T.
pseudonana to elongate, C. atlanticus increases the surface area of its niche. In addition,
C. atlanticus benefits from colonizing a live diatom that continues to synthesize photosyn-
thetic products. However, once nutrients are depleted in solution and the diatom stops its
metabolic activities, it would be more beneficial for C. atlanticus to consume all available
organics from the failing diatom and detach from the cell before it sinks.

The mechanisms of diatom-bacteria interactions can reveal new insights into the dynamics
of marine microbial ecology. Although it is not yet known whether bacteria affect the cell
cycle of diatoms in nature, I provide evidence that C. atlanticus can affect the DNA content
of T. pseudonana and prior evidence that Sulfitobacter sp. can upregulate G1-S phase cyclins
of P. multiseries in culture [18]. It may be that the potential for cell cycle manipulations
is widespread in the marine environment and is a common ecological strategy. C. atlanticus
sequences are prevalent across the global ocean [52], and the interaction appears to lack
specificity. If C. atlanticus is capable of antagonizing a variety of phytoplankton in nature,
then this microbe could have an important role in the remineralization of organic matter in
the ocean. Interactions between C. atlanticus and other algal-associated bacteria may also

be involved in mediating these antagonistic interactions.
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Chapter 2

GENOME-SCALE METABOLIC MODEL OF THE DIATOM
THALASSIOSIRA PSEUDONANA HIGHLIGHTS THE
IMPORTANCE OF DIATOM NITROGEN AND SULFUR
METABOLISM IN REDOX BALANCE

2.1 Abstract

Thalassiosira pseudonana strain CCMP 1335 is a model for diatom molecular biology and
physiology, with a 60-year history of studies. Diatoms are known to secrete organic matter
that fuels secondary production, though our knowledge of how their physiology impacts the
character of dissolved organic matter remains limited. Light energy provides reducing power
to photosynthetic organisms, while creating the challenge of avoiding cellular damage during
energy processing and balancing redox reactions. To better understand the interplay between
redox balance and organic matter secretion, I reconstructed a genome-scale metabolic model
of CCMP 1335 that simulates the metabolic activities of 1,426 genes via a network of 1,996
unique metabolites produced through 5,649 reactions distributed across six subcellular com-
partments. A mechanistic model of photon absorption and electron transfer via fucoxanthin
chlorophyll a/c binding proteins was implemented, as well as experimentally determined
photosynthetic constraints. Using dynamic Flux Balance Analysis, I simulated growth in
batch culture by tracking changes in cell density, self-shading, nutrient concentration, extra-
cellular metabolites, and the storage carbohydrate chrysolaminarin under different growth
conditions including NOj3 versus NHy, N-limitation, and P-limitation. The model was used
to examine the dissipation of reductants in the plastid generated through light-dependent
processes. Simulations indicate that nitrate assimilation is an important means of dissipating

reductants. However, under nitrate-limiting conditions, sulfate uptake plays a similar role.
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The use of either nitrate or sulfate uptake to balance redox reactions leads to the secretion
of distinct organic nitrogen and sulfur compounds, which fuel secondary production in the

surface ocean.

2.1.1 Importance

Diatoms are a diverse group of unicellular eukaryotic algae that evolved through secondary
endosymbiosis. They thrive in dynamic environments — both freshwater and marine ecosys-
tems — as planktonic and benthic organisms. Diatoms form the base of coastal food webs
and are estimated to be responsible for ~20% of carbon fixed globally. As such, diatom
metabolism has an important influence on global biogeochemistry. Metabolic models of ma-
rine microorganisms link genes to ecosystems and may be key to integrating molecular data
with models of ocean biogeochemistry. A model of the diatom Thalassiosira pseudonana
provides a mechanistic explanation for the production of ecologically and climatologically

relevant compounds.
2.2 Introduction

Diatoms are unicellular photosynthetic eukaryotes derived from a secondary endosymbiotic
event, when a heterotrophic eukaryote engulfed a red algal cell and acquired a chloroplast
[1]. They appeared in the fossil record ~ 180 million years ago [2]. Through horizontal gene
transfer, diatoms also acquired a diversity of bacterial genes [3] to create an organism with a
combination of metabolic pathways distinct from other photosynthetic organisms. For exam-
ple, diatoms have a complete urea cycle derived from both the exosymbiont and bacteria [4],
photosynthesis from the algal endosymbiont [1], as well as xylanases, glucanases, amidohy-
drolase, carbon-nitrogen hydrolase, SAM-dependent decarboxylases and methyltransferases
from bacteria [5]. Diatoms have a wide assortment of uncommon metabolic capabilities in-
cluding silica precipitation, chitin biosynthesis, carbohydrate storage as the polymer chryso-
laminarin, and biosynthesis of the pigments fucoxanthin, diadinoxanthin, and diatoxanthin.

Novel aspects of diatom metabolism, such as the biosynthesis of 2,3-dihydroxypropane-1-
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sulfonate (DHPS), are still being discovered [6]. It is a special challenge of systems biology
to understand how this unique combination of interlocking pathways has allowed diatoms to

thrive in the dynamic conditions of oceanic ecosystems.

A central need for photosynthetic organisms is to balance redox reactions, particularly
when nutrient availability limits growth. Light energy drives linear electron flow from water
split at photosystem II (PSII) to PSI, generating both reducing power (NADPH) and a pro-
ton gradient across the thylakoid membrane that drives ATP synthase. An ATP/NADPH
ratio of ~1.5 is required for CO; reduction by the Calvin-Benson-Bassham cycle [7]. Lin-
ear electron flow alone is unlikely to satisfy these ATP requirements, which may cause the
chloroplast to become over-reduced, causing damage to the thylakoid membranes and subse-
quent photoinhibition [8]. In plants, NADPH-consuming pathways and alternative electron
pathways that produce ATP without generating NADPH are thought to play an important
role in balancing redox reactions in the plastid [9, 10]. Alternative electron fluxes include
cyclic electron flow (CEF) around PSI, and water-to-water cycles where electrons from water
oxidation at PSII are re-routed to an oxidation pathway — the Mehler reaction, plastoquinone
terminal oxidase, or photorespiration [11]). In contrast to plants and green algae, diatoms
instead preferentially regulate the ATP/NADPH ratio via energetic coupling between the
plastid and the mitochondria [12], by which reduced metabolites are shuttled out from the
plastid to fuel ATP generation in the mitochondria. Genome-scale metabolic modeling of the
diatom Phaeodactylum tricornutum suggested that a malate shuttle, a glutamine-ornithine
cycle [13], or a glycerol-3-phosphate/dihydroxyacetone phosphate shuttle [14] could be re-
sponsible for exchanging metabolites between these organelles.

Nitrate and sulfate assimilation are also involved in the dissipation of reducing equiva-
lents in the plastid. Nitrite reductase consumes 3 NADPH to convert nitrite to ammonia,
and the GS-GOGAT cycle (glutamine synthase — glutamine oxoglutarate aminotransferase)
utilizes 2 reduced ferredoxin to assimilate ammonia, while only consuming 1 ATP. During
sulfate assimilation, sulfate is converted to APS and either APS reductase or PAPS [(phos-

pho)adenosine phosphosulfate] reductase utilizes a reduced thioredoxin to produce sulfite,
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consuming the equivalent of 2 ATP and 1 NADPH. Sulfite reductase then consumes 6 re-
duced ferredoxin to produce sulfide for cysteine. Alternatively, sulfite can be utilized by
UDP-sulfoquinovose synthase (which consumes no reductants while producing sulfolipids) or
PAPS-mediated 2-aminoacrylate sulfotransferase (to produce L-cysteate, a hypothesized pre-
cursor for DHPS biosynthesis [15] which consumes 1 NADPH). Phosphate is assimilated by
ATP synthase both in the plastid and the mitochondria. There is no genetic or experimental
evidence that diatoms can reduce phosphates [16] to phosphite or phosphonate.

Metabolite production and secretion or storage can also help balance redox reactions or
dissipate energy [17], particularly when biomass production is otherwise inhibited. Diatoms
are known to secrete more metabolites in conditions of high light intensity [18], suboptimal
temperature [19], and nutrient stress [20]. When nitrate or sulfate assimilation rates increase
to balance redox reactions, resulting nutrient imbalances can be corrected through excess
production of different types of organic nitrogen or sulfur compounds. And as carbon fixation
continues under nutrient-limited conditions, excess carbon can be excreted as organic carbon
or stored as chrysolaminarin and lipids [21].

Here I created a mechanistic model of metabolism for the diatom Thalassiosira pseudo-
nana CCMP 1335. Light dependent respiration and nutrient uptake rates were constrained
with experimental data, and growth was simulated in batch culture. These simulations
demonstrate how the character of secreted metabolites depends on balancing cell redox sta-

tus and nutrient availability.

2.3 Results

2.3.1 Reconstruction of the Thalassiosira pseudonana metabolic model

A genome-scale metabolic model of T. pseudonana CCMP 1335 (i Tps1426) was generated
using as a framework the model iLB1027_ lipid for the diatom Phaeodactylum tricornutum
CCAP 1055/1 [13]. The iTps1426 model has six compartments that represent the cytosol,

mitochondria, chloroplast, thylakoid lumen, peroxisome as well as the extracellular environ-
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Figure 2.1: (Previous page.) Black shapes: enzymatic complexes, grays bars: plastidial or mi-
tochondrial membranes, dotted lines: grouping of plastidial and mitochondrial reactions, green:
reactions that produce NAD(P)H equivalents, red: reactions that consume NAD(P)H equiva-
lents, blue: ATP producing and consuming reactions. Abbreviations: L-glutamate (glu__L), L-
glutamine (gln__L), 2-phosphoglycolate (2pglyc), glycolate (glyclt), glyoxylate (glx), glycine (gly),
L-serine (ser-_L), L-malate (mal__L), fumarate (fum), succinate (succ), dehydroascorbate (dhdasch),
L-ascorbate (ascb__L), oxidized glutathione disulfide (gthox), reduced glutathione (gthrd), re-
duced ferredoxin (Fd), reduced thioredoxin (Trx), plastoquinone (PQ), plastoquinol (PQHz), ferre-
doxin:NADPH oxidoreductase (FNOR), NADH:ubiquinone oxidoreductase (NADHOR), ATP syn-
thase (ATPS). Numbers indicate reaction references in the text including: cyclic electron flow
(CEF, @), nitrate assimilation (@), sulfate assimilation (@), ribulose-1,5,-bisphosphate oxygenase
(RUBISO, @), the Mehler reaction (@), energetic coupling between the plastid and the mitochon-
dria (@), plastid terminal oxidase (PTOX, @), alternative oxidase (AOX, @), cytochrome ¢ oxidase
complex IV (CYOO, ©).

ment. The T. pseudonana model contains 6,109 reactions that represent a network of 2,778
metabolites and 1,426 genes, approximately 10-12% of the T. pseudonana genome (Table
2.1, Supplementary Data Set B.1). A reaction representing the biomass composition of 7.
pseudonana was developed and used as an objective function during growth simulations.
Additionally, several blocked reactions were resolved, and the number of dead-end metabo-
lites in the network was reduced. Differences between the two models include changes in the
subcellular localization of reactions based on protein targeting sequences, improvements in
modeling light absorption, and the inclusion of known metabolic differences between the two

diatoms.

Two major metabolic differences distinguish the diatom species. First, T. pseudonana has
an absolute requirement for vitamin Bis as it possesses only the Bis-dependent methionine

synthase gene METH [22]. Adenosylcobalamin, aquacobalamin, and methylcobalamin were
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included in the biomass reaction as estimated mmol proportions of 1-gram dry weight ([23],
Supplementary Data Set B.2). Additionally, the methionine synthase reaction (‘METS_c¢’)
was modified to include dependence on methylcobalamin, the methionine synthase reduc-
tase reaction (‘MTRR_c’) was added, and the methylmalonyl-CoA reaction (‘MMM_m’) was
modified to include dependence on adenosylcobalamin (Table 2.2). As a result, iTps1426 re-
quires a form of vitamin By, to produce biomass. A second difference is that T. pseudonana
utilizes cytochrome cg [24, 25] rather than the copper-containing plastocyanin to shuttle
electrons between cytochrome bg/f and photosystem I. Plastocyanin was therefore replaced
with cytochrome cg in ¢ Tps1426. Although this modification should include additional iron
requirements for 7. pseudonana, it had no impact on model results as neither :Tps1426 nor
1LLB1027_lipid includes the details of protein biosynthesis or metal requirements. The only
metal required by the ¢Tps1426 model is magnesium for chlorophyll biosynthesis.

An orthoMCL comparison [26] of homologous genes between T. pseudonana and P. tri-
cornutum was conducted to guide additional modifications to iTps1426. These analyses
confirmed information from the literature that 7. pseudonana lacks the enzymes guanine
deaminase, tryptophanase, ATP citrate synthase, and (-carbonic anhydrase [27], and these
enzymes were removed from ¢Tps1426. In addition, citrate synthase was modified to depro-
tonate water rather than phosphorylate ADP. Differences between T. pseudonana and P.
tricornutum in the localization of carbonic anhydrases [28] were incorporated into i Tps1426
and a cytoplasmic carbonic anhydrase reaction was added. Additional differences in the spe-
cific localizations of carbonic anhydrases within the plastid (endoplasmic reticulum, stroma,
or pyrenoid) and the periplasmic space were not included as this level of cellular compart-
mentalization is not present in either model. My analysis also detected some potential
differences between P. tricornutum and T. pseudonana that have not been previously dis-
cussed in the literature. Reactions present only in P. tricornutum include the metabolism
of xylose via xylose isomerase feeding into the pentose phosphate pathway, the transami-
nation of 4-aminobutyrate, the conversion of O-acetyl-L-homoserine to L-homocysteine via

O-acetyl-L-homoserine acetate-lyase, L-tryptophan deamination, the conversion of agmatine
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to putrescine, the conversion of formamide to formate and ammonia, and the degradation of
guanine to xanthine. These reactions were eliminated from ¢ Tps1426.

Metabolic pathways and reactions present in 7. pseudonana, but not P. tricornutum, in-
clude chitin biosynthesis and degradation, and the cleavage of pyruvate into acetyl-CoA and
formate. i Tps1426 was modified to include this information. Additionally, lipid metabolism
was re-configured in iTps1426 to reflect known differences in lipid composition [29, 30].
An important storage molecule in diatoms is chrysolaminarin, a polymer of 1,3-glucan.
Production and respiration of 1,3-glucan and chitin was added to Tps1426. Pathways
for the biosynthesis of 2,3-dihydroxypropane-1-sulfonate (DHPS) [6, 15] from serine were
added to the model. I included in ¢Tps1426 additional transport reactions for biotin, D-
lactate, cyanocobalamin, aquacobalamin, DMSP, DHPS, glycine betaine, N-acetyltaurine,
formamide, formate, uracil, acetate, choline, xanthine, UDP-N-acetyl-alpha-D-glucosamine,
L-glutamate, L-aspartate, L-isoleucine, L-leucine, L-valine, L-asparagine, L-glutamine, L-
alanine, L-histidine, L-serine, L-threonine, and glycine based on information from the liter-

ature, gene annotations, and information from other algal models [31, 32].

2.3.2  Constraints on light absorption and photosynthesis

An important addition to iTps1426 was inclusion of a mechanistic model of photon absorp-
tion and electron transfer by fucoxanthin chlorophyll a/c binding proteins (FCPs), using a
similar approach as in the cyanobacterial model constructed by ref. [31]. Photon exchange
reactions were added for each 20-nm wavelength in the photosynthetically active radiation
(PAR) range (400-700 nm). Photon absorption reactions for each 20-nm bin were included
to calculate the amount of photons absorbed by each pigment (chlorophyll a, ¢;, ¢s, fucox-
anthin, diatoxanthin, $-carotene) at each wavelength. The diatom light-harvesting complex
is composed of fucoxanthin, chlorophyll ¢;, ¢o, and chlorophyll a, three pigments that ef-
ficiently transfer energy to the reaction centers of PSII and PSI [33]. I included reactions
that describe energy transfer efficiency from excited pigments to chlorophyll a in PSII and

PSI. T also included pigment de-excitation reactions for diatoxanthin and [-carotene and
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Thalassiosira pseudonana

CCMP 1335

Phaeodactylum. tricornutum

CCAP 1055/1

Model name
Genes

Total

Included in models

i Tps1426

11,849 (Ambrust et al., 2004)/

13,344 (Gruber et al., 2015)
1,426 (12.03% / 10.69%)

1LB1027 lipid

10,402 (Bowler et al., 2008)

1,032 (9.92%)

Complexed® 182 172
Reactions
Reversible 650 423
Irreversible 5,459 4,033
Gene associated 5,605 4,150
Non-gene associated 504 306
Metabolic 5,569 4,093
Transport 446 308
Demand® 10 13
Sink® 3 1
Exchange? 67 30
Biomass 10 8
ATP maintenance 4 3
Extracellular 116 51
Cytoplasm 4,384 3,078
Chloroplast 911 657
Thylakoid lumen 12 7
Mitochondria 540 525
Peroxisome 146 138
Total 6,109 4,456
Unique 5,649 4,130
Blocked® 260 381
Orphaned/ 0 4
Metabolites
Extracellular 68 30
Cytoplasm 1,509 1,130
Chloroplast 570 428
Thylakoid lumen 15 9
Mitochondria 475 443
Peroxisome 141 132
Total 2,778 2,172
Unique 1,996 1,583
Dead-ends? 255 340

“ Complexed genes are those that together encode multiple subunits of an enzyme.

They are denoted as complexes in the gene reaction rules using the word ‘and’, while genes

performing the same reaction are connected by the word ‘or’.

Table 2.1: Comparison of attributes of iTps1426 and 1.B1027 lipid
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® Demand reactions are unbalanced reactions (have substrates but no products). These
reactions deal with metabolites that are known to be produced (and not consumed) but have
no degradation pathway, are not substrates in the biomass reaction, and are not known

to be transported out of the cell, for example loss of photons (as heat or fluorescence).

¢ Sink reactions are similar to demand reactions but are reversible. These reactions are

a source and sink for metabolites that are required by the model but are not part of the

extracellular environment, for example chitin.

4 Exchange reactions are unbalanced extracellular reactions that are used to control

the supply or removal of metabolites in the media.

¢ Blocked reactions are reactions that cannot carry flux due to missing reactions in the network.
/ Orphaned reactions are blocked reactions that are disconnected from the entire network.

9 Dead-end metabolites are metabolites that are only linked to blocked reactions.

Reaction ID Name

47

METS1.Bjs-¢  Methionine synthase (Bjs-dependent), part 1
METS2.Bjs.c  Methionine synthase (Bjo-dependent), part 2

MTRR.c Methionine synthase reductase

MMM1 By m  Methylmalonyl-CoA mutase (Bis-dependent), part 1
MMM2 By m  Methylmalonyl-CoA mutase (Bjs-dependent), part 2

COBjy_m Coenzyme By, loading

5mthf_c + cbll_c + h_¢c —— > mcbl3_c + thfc
heys_L.c + mcebl3.c —— > c¢bll ¢ + h.c + met_L_c

adoch2_m + mmcoa__R.m <=> adoch3_.m + mmsucr_m
adoch3_m + mmsucr-m <=> adoch2_m + succoa_m

adocbl.m <=> adoch2.m + cbl2.m

2.0 amet_c 4 2.0 cbl2_¢ + nadph_¢c —— > 2.0 ahcys_c + h_c + 2.0 mcbl3_c + nadp_c

5mthf_c: 5-methyltetrahydrofolate
cbll_c: Cob(T)alamin

hoe: HY

mebl3_c: Methylcob(IIT)alamin

thf_c: 5,6,7,8-tetrahydrofolate
heys__L_c: L-Homocysteine

met__L_c: L-Methionine

amet_c: S-adenosyl-L-methionine
cbl2_c: Cob(II)alamin

nadph_c: NADPH

ahcys_c: S-adenosyl-L-homocysteine
nadp_c: NADP*

adoch2_m: 5-deoxyadenosyl radical
mmecoa_R.m: (R)-Methylmalonyl-CoA
adoch3_m: 5-deoxyadenosil radical
mmsucr_m: Methylmalonyl-CoA / Succinyl-CoA radical
succoa_m: Succinyl-CoA

adocbl_m: Adenosylcobalamin

Table 2.2: Bjs-dependent reactions modified for ¢ Tps1426
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non-photochemical quenching reactions to dissipate excess energy as heat or fluorescence.
The calculations for photon absorption and electron transfer are included in Supplementary
Data Set B.3.

Photodamage of the D1 subunit was included as a component of the PSII reaction and
a non-growth associated ATP maintenance reaction (‘NGAM_D1_h’) was added to account
for the metabolic cost of D1 protein degradation and biosynthesis. From data in ref. [34], I
calculated the number of D1 protein inactivation events per molecule of Oy evolved from PSII
over a range of light intensities. The metabolic cost of D1 degradation included the ATP-cost
of phosphorylation and activation of the FtsH protease [35], while the cost of D1 repair was
represented by the ATP- and GTP-costs of biosynthesizing a D1 peptide (Supplementary
Data Set B.3).

The photosynthesis-irradiance curves for net Oy production (‘EX_02_¢’) and gross carbon
uptake (‘EX_co2.e + EX_hco3_¢’) were acquired from ref. [36] for T. pseudonana cells

2 s71. An equation to represent the

acclimated to continuous light at 60 pgmol photons m™
net oxygen production curve was derived with Platt fitting [37] including dark respiration

(0.086 mmol Oy (mg Chl a)~ h™1).

—0.0044.1 mg chl a/cell
EX,OZ,e(t) = (0279 . (1 — e 0.279 ) — 0086) . <gl)‘/{//cell (21)

The compensation light level (at which net Oy production = 0) was calculated to be 23.3

2

pmol photons m~2 s™1. Another equation was derived to represent carbon uptake.

. Wi acell
EX co2-e + EX_hco3-e(t) = 0.243 - (1 — e 955 . (%) (2.2)

The ATP maintenance reaction lower and upper bounds (LB, UB) were calculated as,

LBarpyv_c = UBarpym_c = Lach o7 e (2-3)

(equation 2 from ref. [38], Supplementary Data Set B.3), using a compensation light level of

2

23.3 pmol photons m~2 s™1 as the light intensity at which the rate of photosynthesis equals

the rate of cellular respiration (I). The term ag;, is the chlorophyll a specific absorption
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coefficient (m? mg Chl at, [39]), r is the ratio of chlorophyll a to gram dry weight per cell
(mg Chl a gDW!), ¢ is the quantum efficiency of photosynthesis (8 mol Oy mol photon™!),
and e is the amount of ATP generated per oxygen (10 mol ATP mol O;'). The results
of this equation were converted into the flux units for i Tps1426 (mmol gDW~! h™1). See

Supplementary Data Set B.3 for calculations and references.)

2.3.83 Constraints on alternative electron flow

Non-respiratory reactions that consume reducing equivalents or generate ATP can be impor-
tant for balancing redox reactions, particularly if they carry large fluxes. Cyclic electron flow
(‘CEF_h’) around PSI is an important mechanism of generating ATP in Viridiplantae ([40],
see @ in Figure 2.1). But it was found to represent only a small fraction of total electron
flow in T. pseudonana and other diatoms [12]. Additionally, cyclic electron flow appears to
be independent of light intensity, so the bounds of this reaction were constrained to a narrow

range of low flux values.
0.5 < CEF_h < 1mmol gDW 'h™* (2.4)

Nitrate (Figure 2.1, @) and sulfate (Figure 2.1, ®) assimilation reactions are also localized
in the plastid, consume significant reducing equivalents, and maintain relatively high flux
because of cellular nutrient requirements. After cyclic electron flow and respiration, much
of the remaining ATP/NADPH regulation was assumed to involve associated assimilation
reactions. The lower bound of nutrient uptake rates for CO,, HCO3, NO3 , NHJ, urea, PO3™,
and SO?~ were constrained with V,,., and K, values from the literature for 7. pseudonana

or related organisms.

_Vmaz(mmol gDW=th=1) . [S](mM)

vV = 2.5
K (mM) + [S](mM) (2.5)
1.16 - 0.1
LB = = —1.11 DWtpt 2.
BX-noS-e = 70004 + 0.1 mmol gDW="h (2:6)
0.10 - 28.8
LBrx sos.o = —————— = —0. lgDWth™! 2.
EX _sod_ 0.0014 + 288 0.097 mmol gDW (2.7)

where [S] represents substrate concentrations for NO3 and SO, in synthetic seawater media.
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2.3.4 Constraints on light-dependent respiration

To further enhance my ability to simulate growth of T. pseudonana, I explored appropri-
ate constraints on light dependent respiration, including the specificity of RuBisCO for
COg, chlororespiration, the Mehler reaction, and energetic coupling between plastids and
mitochondria. The respiration reactions include ribulose-1,5-bisphosphate oxygenase (‘RU-
BISO_L’), plastid terminal oxidase (‘PTOX_h’), the Mehler reaction (as a component of
‘PSI_u’), alternative oxidase (‘AOX_m’), and cytochrome ¢ oxidase complex IV (‘CYOO_m’).
Together these reactions regulate the ATP/NADPH ratio in photosynthetic organisms (Fig-
ure 2.1, @-O).

Photorespiration results from the oxygenase activity of RuBisCO that generates a 2-
phosphoglycolate that cannot enter the Calvin Cycle (Figure 2.1, @). In diatoms, photorespi-
ration is truncated and 2-phosphoglycolate is not recycled back to ribulose-1,5-bisphosphate
[41]. The absence of a serine-pyruvate aminotransferase and a hydroxypyruvate reductase
prevent the conversion of serine to glycerate. Instead, glycolate can be metabolized to malate
in the peroxisome, or to serine, NHy; and COs in the mitochondria; serine can enter phos-
phoglycerolipid metabolism, cysteine and methionine metabolism, pyruvate metabolism, or
possibly DHPS biosynthesis [15]. To activate photorespiration in my model, a constraint was
added to reflect the oxygenase activity of RuBisCO. The constraint was estimated as follows.

Flux through the oxygenase reaction is a fraction of the carboxylase reaction in RuBisCO:
RUBISO_h =X - RUBISC_h (2.8)

where

RUBISO_h = oxygenase activity of RuBisCO,

RUBISC_h = carboxylase activity of RuBisCO,

and X = the specificity factor (SF) of RuBisCO for COy over O,. I used a specificity
factor (SF) of 79 for COq, as determined for the related diatom T. weissfloggii [42] because
of predicted peptide level similarities between the RuBisCO enzymes from the two diatoms

(rbeS is 97% identical, rbel is 98% identical). The activity of carbon concentrating mech-
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anisms in 7. pseudonana has been modeled and the concentration of CO, in the pyrenoid,
where most RuBisCO is located, is estimated [43] as 100 uM. Because the pyrenoid is an
impermanent proteinaceous body, oxygen is predicted to interact with RuBisCO. However,
the concentration of Oy in the pyrenoid is unknown and difficult to measure [44]. T therefore
used the ambient concentration of O, in seawater at equilibrium with the atmosphere (200

uM). I estimated X as,
200 M

~ 100 uM

In the Mehler reaction, oxygen reacts with reduced ferredoxin emerging from photosys-

=79 = 0.025 (2.9)

tem I and forms a superoxide anion. Superoxide dismutase neutralizes two reactive anions
into oxygen and hydrogen peroxide and ascorbate peroxidase converts hydrogen peroxide
into water. NAD(P)H is consumed through the glutathione-ascorbate cycle (Figure 2.1, @).
Ref. [45] measured light-dependent oxygen uptake over a range of light intensities by block-
ing PSIT with the inhibitor DCMU in Cylindrotheca fusiformis. The DCMU inhibitor blocks
the Mehler reaction and photorespiration (but not chlororespiration or mitochondrial respi-
ration). Because photorespiration makes up a small fraction of total respiration, I estimated
that oxygen uptake was approximately 20% of gross oxygen production and insensitive to
changes in light intensity. I adjusted the rates of superoxide formation at photosystem I
(‘PSI.u’) from ref. [31] to match the range of expected values.

Ref. [12] proposed that reductants from the plastid flow to the mitochondria based on
their observations that impairment of mitochondrial respiration with SHAM and antimycin
A or myxothiazol inhibitors suppressed flux through PSII. Ref. [13] incorporated these ob-
servations into their P. tricornutum model simulations and proposed that energetic coupling
between the plastid and mitochondria (Figure 2.1, ®) could be simulated with the constraint
that a fraction (C') of photosystem I flux (‘PSI_u’) goes to NADH:ubiquinone oxidoreductase
(‘NADHOR_m’) in the mitochondria,

NADHOR.m = C - PSI_u (2.10)

In ref. [13], chlororespiration was represented by a constraint, where a fraction (H) of cy-
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tochrome bg/f (‘CBFC2_u’) electron flow goes through plastid terminal oxidase (‘PTOX_h’,
Figure 2.1, @).
PTOX_h=H -CBFC2.u (2.11)

I estimated the relative contribution of mitochondrial respiration and chlororespiration
(given a fixed value of photorespiration, the Mehler reaction, and maintenance mitochondrial
respiration: LBgink_13giucan_c = —1.02 x 107> mmol gDW~! h~! [36]) by using iTps1426 to
simulate a range of energetic coupling (C' = 0 — 1) and chlororespiration (H = 0 — 1) at 30
pmol photons m~2 s~ (the light intensity at which the experiment in ref. [12] was conducted).
I found that when 11% of photosystem I flux (PSI_u) is directed towards NADH:ubiquinone
oxidoreductase in the mitochondria (C' = 0.11), PSII_u flux matched measured rates of gross
oxygen production, as expected. Therefore, C' of 0.11 is assumed to be the correct parameter
for energetic coupling between the plastid and mitochondria at low light intensities. When
35% of cytochrome bg/ f flux was diverted to the plastid terminal oxidase reaction (H = 0.35),
there was a good fit between the relative impairment of mitochondrial respiration (Figure
2.1, AOX_m O, CYOO_m @) and suppression of PSII flux. Figure 2.2 shows experimental
data for P. tricornutum and T. pseudonana from ref. [12] on the relative impact of flux
through PSIT when respiration is impaired with different concentrations of SHAM and other
inhibitors. I show that when H = 0.35, any inhibition of mitochondrial respiration (AOX_m
+ CYOO._m) due to decreases in C, also impacts flux through PSIT_u. Different levels of
chlororespiration alter the relationship between mitochondrial respiration and PSII (Figure
2.2), where lower values decrease the y-intercept and produce a steeper slope over a range
of C'. At this light level, photorespiration makes up 0.6% of respiration, chlororespiration
makes up 61.4%, the Mehler reaction makes up 17.5%, and mitochondrial respiration makes
up 19.3%. Diatom respiration increases linearly with oxygen production across a range of
light intensities [12, 36, 46]. In T. pseudonana, estimates of light-dependent respiration
ranges from 4 to 12% of gross oxygen production for cells acclimated to different light levels
[36]. In ref. [36], light dependent respiration was estimated to be 4% of gross photosynthesis

2

in cells acclimated to 60 umol photons m~2 s~1. But the sensitivity of the relative amounts
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of chlororespiration and energetic coupling to changes in light intensity remains unknown

given that this experiment was only performed at 30 pgmol photons m=2 s~

2.3.5 Simulations of growth in batch culture

Dynamic flux balance analysis was used to simulate T. pseudonana growth in continuous

2

light at 100 pmol photons m~2 s~! in the synthetic seawater medium Aquil. The cultures

were initialized with biomass concentrations of 5 x 107™° gDW L1, or 3,846 cells mL™! using
the cell dry weight conversion from ref. [47] for cells grown at 100 gmol photons m—2 s~1
on continuous light harvested during logarithmic phase (13 pg cell™!, Supplementary Data
Set B.2). To mimic availability of chrysolaminarin and chitin as cellular energy sources, the
media were initialized with 35.5 nM 1,3-glucan and 36.9 nM chitin which represents 23%
and 15% [48, 49, 50| of the cellular biomass (gDW L™!), respectively. High density cultures
can become light-limited by self-shading when photon absorption capacity exceeds photon
delivery [31]. T included self-shading as part of the simulation by dividing the culture into
ten concentric slices. The light available in the first slice was used to calculate the resulting
net oxygen production, carbon uptake rate, and photosystem II D1 damage rate in that
slice. The light that was not absorbed was available for the next slice where it was used to
recalculate those rates.

The constraints previously determined for photorespiration and the Mehler reaction were
utilized in these simulations. Chlororespiration was not included as there is evidence that
chlororespiration is less active at the simulated light conditions [51]. The value for energetic
coupling was adjusted to NADHOR-m > 0.03 PSI_u. At this value, the initial PSIT flux
was similar to the expected value for that light level [36]. In this simulation, photorespiration
contributes 3.6-5.8% of oxygen consumption, the Mehler reaction contributes 68-72%, mito-
chondrial respiration contributes 21-22%, and chlororespiration contributes 0-2.9% but only
when light limitation due to self-shading becomes important (Supplementary Figure B.1).
All of the mitochondrial respiration is due to alternative oxidase activity and not cytochrome

¢ oxidase complex IV, except for a very small fraction when self-shading is important. Low
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flux through cytochrome ¢ oxidase may be attributed to the use of parsimonious flux balance
analysis and the lack of constraints on different types of mitochondrial respiration. In 7.
pseudonana, the Mehler reaction should contribute to 60% of total oxygen uptake at higher
light intensities [52]. Interestingly the contribution of the Mehler reaction is highly vari-
able among different diatom species, and it is higher in 7. pseudonana compared to other
marine phytoplankton. Although the strength of energetic coupling was decreased for this
light level so that the Mehler reaction and PSII flux could match expected values from the
literature, the relative contribution of mitochondrial respiration remained the same as for 30

pmol photons m=2 s71.

Four simulations were performed with these respiratory constraints in continuous light
in Aquil medium to test the effects of different sources of nitrogen as well as N- and P-
limitation. Two simulations were performed in nutrient-replete Aquil with either NO3 (100
uM NOj3, 10 uM POy4) or NHy (100 pM NHy, 10 uM POy) as the nitrogen source; under
either condition, nitrogen depletion coupled with light limitation from self-shading ultimately
limits cell division. In a third simulation, added NO3 was reduced four-fold (25 pM NOg, 10
uM POy) such that only NOj availability, and not self-shading, limited cell division. In the
last simulation, added PO,4 was reduced ten-fold (100 uM NOg, 1 uM PO,) such that only

PO, availability limited cell division.

In the first simulation, self-shading began to impact growth at ¢ = 64 h (Figure 2.3A).
During growth on NH, self-shading began even sooner and impacted growth at t = 48 h
(Figure 2.3B). In the NOgs-replete simulation, growth was ultimately N-limited; NO3 was
drawn down from 100 M to 0.003 nM, and PO, was drawn down from 10 uM to 4.7 uM
by t = 304 h (Figure 2.3A). During growth on NH,, NH; was also drawn down from 100
uM to 0.003 nM and PO, dropped from 10 puM to 4.7 uM by t = 304 h (Figure 2.3B). In
NOgs-limited media, N-limitation began at ¢ = 72 h when NOj3 was drawn down from 25 yM
to zero; POy remained high at 8.7 uM (Figure 2.3C). In POy-limited media, P-limitation
began at t = 64 h when PO, was drawn down from 1 uM to zero. Under these conditions,

NO; continued to be drawn down to zero despite the lack of cell division (Figure 2.3D).
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2.3.6  Macronutrient uptake rates

In NOgs-replete media, the nitrate uptake rate gradually declined over the course of the
simulation as NO3 was drawn down (Figure 2.3A). In NH,-replete media, sulfate uptake rates
were slightly higher than in NOs-replete media (2.3 ymol gDW~! h™! vs 1.8 pymol gDW™!
h=! at t = 0). During growth on NHy, the GS-GOGAT cycle played a role in balancing
redox reactions, but there was no flux through nitrate and nitrite reductase reactions and
so sulfate uptake played a greater role in dissipating reductants. In NOs-limited media, the
nitrate uptake rate declined rapidly early on, completely limiting biomass production (Figure
2.3C). There was a small dip in sulfate uptake for all conditions as nitrate was depleted
and (Tps1426 began to dissipate excess reducing power by storing chrysolaminarin (as the
monomer 1,3-glucan). As the upper limit for chrysolaminarin storage is reached due to limits
on biomass production, there was a boost in sulfate uptake rates (Figure 2.3A, 2.3B, 2.3C).
In POy4-limited media, the onset of P-limitation resulted in an increase in nitrate uptake,
followed by an increase in sulfate uptake after nitrate was depleted (Figure 2.3D). Together,
these results suggest that T. pseudonana uses inorganic nutrients to help correct cellular
redox imbalances due to energy inputs from light and growth on more reduced sources of
nitrogen such as NHy. The different assimilation pathways have varying ATP requirements
and NADPH dissipation capacities. COy uptake requires 3 ATP to oxidize 2 NADPH. NOj
uptake requires 1 ATP to consume 6 reducing equivalents. The energy requirements of
SO, are more flexible; SO, uptake to cysteine (HyS) requires 2 ATP to consume 7 reducing
equivalents, while SO, uptake to cysteate (PAPS) requires 2 ATP to consume 1 NADPH, and
SO, uptake to UDP-sulfoquinovose (SO3) require 2 ATP to consume 1 reducing equivalent.
Utilization of CO4, NOs3, or SO, to dissipate reductants depends on both ATP availability
and maximum possible rate of nutrient uptake. NOj uptake is the preferred mechanism of
dissipating reductants as it is less energy intensive. After NOj is depleted or during growth

on more reduced forms of nitrogen, the role of SO4 is amplified.
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Figure 2.3: Simulated growth curves of T. pseudonana in batch culture at 100 pmol photons m™—?2
s~! in nutrient-replete Aquil (A), nutrient-replete modified Aquil where NO3 was replaced with
NH, (B), NOs-limited Aquil (C), and POy-limited Aquil (D). Biomass concentration that includes
the effects of light-limitation due to self-shading is plotted with a thick black line, while biomass
concentration that does not include self-shading is plotted with a thinner grey line. Change in
concentration of NO3z, NHy, and PO, (dashed, dot-dashed, and dotted lines) were plotted alongside
the growth curves in uM. NO3 and SO4 uptake rates for the first (unshaded) slice of the cultures

were plotted in gmol gDW—1 h=1,
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2.8.7 Metabolite secretion

The simulations predicted different patterns of metabolite excretion as nutrient conditions
changed. An inherent feature of these simulations is that all assimilated nutrients contribute
to either biomass production or metabolite secretion, while nitrate or sulfate uptake serve the
additional role of balancing reductants through oxidation of reducing equivalents in the plas-
tid (Figure 2.1). Biomass composition is invariable in the model, so any deviation from the
stoichiometry of biomass results in metabolite secretion. I illustrate this point by comparing
metabolic flux solutions from the NOjs-replete simulation (Figure 2.3A) at two different time
points which represent exponential phase (¢t = 0 h, Figure 2.4A) and early stationary phase
(t = 88 h, Figure 2.4B). Fluxes through the glycolysis (see @ in Figure 2.4), the TCA cycle
@, nitrate assimilation @, sulfate assimilation @, and the glycine cleavage system ® were
higher during exponential growth (Figure 2.4A). In the early stationary phase, there was rel-
atively more flux through gluconeogenesis, the urea cycle ®, and carbon fixation @ (Figure
2.4B). There was less available nutrients during early stationary, so biomass production was
lower. Consequentially, :Tps1426 balanced reductants by fixing more COy; excess carbon

was secreted as urea ®, glycolate ® and formate @ or stored as chrysolaminarin @.

The overall patterns of metabolite secretion are a response to nutrient availability and
redox imbalance in the cell (Figure 2.5). Two metabolites, cyanide and thiocyanate, were
secreted at low flux throughout all four simulations. Cyanide ions were secreted as a byprod-
uct of cyanocobalamin utilization to meet cellular vitamin By requirements. At the onset
of nutrient limitation, cyanide is taken back up by iTps1426 and transformed into thio-
cyanate via the enzyme 3-mercaptopyruvate sulfurtransferase, which is known to play a
role in cyanide detoxification. Thiocyanate was subsequently released by cells rather than
cyanide. Cyanocobalamin is frequently used as a source of By in culture work, though other

forms of Byy predominate in nature [53].

Carbohydrates were secreted or stored as a mechanism of dealing with the CO5 or HCOg

fixed through the Calvin cycle when growth was limited by nutrient availability and excess
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Figure 2.4: (Previous page.) Metabolic maps comparing the flux distributions in NOs-replete

2

Aquil at 100 gmol photons m~2 s~! during exponential phase (¢ = 0 k) and early stationary phase

(t = 88 h). These flux distributions show the results of a single FBA slice at each time point
that is not subject to self-shading. Dashed arrows indicate that a metabolic pathway has been
abbreviated, black arrows indicate that the reaction carries no flux, red arrows indicate that the
reaction carries flux, the thicker arrows carry a higher flux, while the thinner arrows carry a lower
flux when comparing the time points. The corresponding metabolite or reaction names for each
abbreviation can be found in Supplementary Data Set B.1 or at http://bigg.ucsd.edu. Symbols
refer to metabolic pathways and reactions referenced in the text: glycolysis/gluconeogenesis @,
TCA cycle @, nitrate assimilation @, sulfate assimilation @, glycine cleavage system ®, urea cycle

®, carbon fixation @, glycolate excretion ®, formate excretion @, chrysolaminarin storage @.

ATP was available. The chrysolaminarin monomer 1,3-glucan began to be stored at the onset
of N-limitation in all four simulations (Figure 2.5). Chrysolaminarin contributes to mito-
chondrial maintenance respiration [36] during the early growth phase when it is hydrolyzed to
glucose and enters glycolysis. 1,3-Glucan can be re-synthesized through gluconeogenesis as a
mechanism of storing excess reducing power, but there is an upper limit on chrysolaminarin

storage as biomass production stalls.

Formate was secreted at the beginning of all simulations where iTps1426 grew on ni-
trate (Figure 2.5A, 2.5C, 2.5D). It is a byproduct of the methionine salvage pathway or
DMSP biosynthesis, and it is a byproduct of pyruvate formate lyase, an alternative reac-
tion to pyruvate dehydrogenase. Formate is involved in many different pathways including:
folate, thiamine, riboflavin, and steroid biosynthesis. Glycolate, a more reduced carbohy-
drate (Table 2.3), was secreted at the beginning of the NHy-replete simulation (Figure 2.5B).
Glycolate is produced due to the inherent oxygenase activity of RuBisCO. Glycolate can be
utilized by the cell through conversion to glyoxylate and then conversion to malate by malate

synthase or conversion to glycine by glycine transaminase or alanine-glyoxylate aminotrans-
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ferase. Both the glycine cleavage system and the TCA cycle are fueled by the availability
of NAD™; the glycine cleavage system is additionally fueled by the availability of nitrogen
to transform glyoxylate into glycine. There was a much higher increase in secretion of the
one- and two-carbon molecules, formate and glycolate, as biomass production began to stall,
and their production was further amplified by nitrate depletion. As illustrated in my simu-
lations, glycolate was released into the media during NO3-limiting conditions (including the
NOjs-depletion that occurs after P-limitation). I hypothesize that glycolate secretion occurs
when flux through the TCA cycle or the glycine cleavage system is insufficient to keep up
with the pace of RuBisCO.

Three other carbohydrates were secreted after chrysolaminarin storage stalled. Metabolism
of carbohydrates and amino acids results in production and release of different two- and three-
carbon molecules under growth-limiting conditions. Acetaldehyde is a byproduct of glycine,
serine and threonine metabolism due to the activity of threonine aldolase. The resulting ac-
etaldehyde is subsequently transformed into ethanol by alcohol dehydrogenase or acetate by
aldehyde dehydrogenase. The secretion of ethanol is therefore related to glycine production
from threonine rather than, or in addition to, glyoxylate. Acetate is involved in acetyl-CoA
synthesis, is a byproduct of cysteine synthase, and is involved in amino sugar metabolism.
Lactate is a fermentation product of pyruvate produced by the enzyme lactate dehydrogenase

when there is insufficient oxygen in the mitochondria for complete glycolysis.

The volume and character of secreted organic nitrogen depends on cause of growth limita-
tion. In NOg3, NHy-replete, and NOgs-limited conditions there are small fluxes of urea secreted
as light-limitation due to self-shading inhibits growth and excess nitrogen is released into the
media. As those cultures becomes NO3 or NHy depleted, urea is re-assimilated resulting in
the production of L-valine, which itself re-assimilated at the next time point resulting in
the production of L-aspartate, folate, and chitin. In the NOjs-limited simulation those fluxes
halt once biomass production is inhibited. In the POy-limited simulation, higher fluxes of
different forms of organic nitrogen are secreted as a result of boosted nitrate uptake rates

after growth is limited (Figure 2.3D). Initially, there is secretion of urea, xanthine, folate,



63

L-asparagine, and L-aspartate. Re-uptake of urea, L-asparagine, and L-aspartate results in
secretion of L-valine, L-isoleucine, and chitin synthesis (Figure 2.5D). Urea is the most re-
duced form of organic nitrogen produced by the model, followed by xanthine, L-asparagine,
L-valine, L-isoleucine, folate, chitin, and L-aspartate (Table 2.3). Re-uptake of more highly
reduced nitrogen compounds steepens the redox imbalance in the cell. As urea is re-absorbed
and as nitrate becomes limiting, other forms of organic nitrogen are secreted due to the high
degree of reduction in urea, creating a cascade of nitrogenous product secretion with varying
degrees of reduction over the course of the growth curve. When biomass production instead
becomes limited by lack of phosphate, the role of nitrate uptake becomes more crucial to
balance redox reactions in the plastid, and excess nitrogen is excreted as organic nitrogen to

balance these increased rates of nitrate assimilation (Figure 2.5D).

As iTps1426 consumes either organic nitrogen with high degrees of reduction, or as ni-
trate becomes limiting, sulfate uptake replaces nitrate assimilation as a primary means of
consuming reducing equivalents in the plastid. Sulfate assimilation has a higher ATP cost
than nitrate uptake. But there is ATP to spare as biomass production becomes inhibited
through nutrient limitation. The organic sulfur compounds DMSP and DHPS are secreted
in all conditions once nitrate is depleted and chrysolaminarin storage reaches its maximum.
DMSP is a byproduct of the amino acid methionine which otherwise would contribute to
biomass production. Ref. [15] postulated that there are two possible routes for DHPS biosyn-
thesis, via cysteinolic acid or 3-sulfopyruvate. In the simulations, DHPS was synthesized via
cysteinolic acid, likely due to the use of parsimonious flux balance analysis which minimizes
the absolute sum of fluxes. DHPS was respired to glycerol-3-phosphate in self-shaded slices
below the compensation level. The organic sulfur compound DMSP has a higher degree
of reduction than DHPS (Table 2.3) and is secreted to higher concentrations. Most of the
organic sulfur is produced in culture slices that are not subject to light-limitation due to
self-shading in NO3- and NHy-replete simulations, while it is produced equally in all slices

in the nutrient limited cultures which are more exposed to light throughout (Supplementary

Figure B.2).
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Figure 2.5: Simulated concentrations of metabolites produced over the course of growth experiments
at 100 gmol photons m~2 s~! in nutrient-replete Aquil (A), nutrient-replete modified Aquil where
NO3 was replaced with NH4 (B), NOs-limited Aquil (C), and POg4-limited Aquil (D). Organic
carbon compounds are labeled in red, organic nitrogen compounds are labeled in blue, and organic

sulfur compounds are labeled in orange. Secreted metabolites whose change in concentration was

less than 1 nM were not plotted.

2.4 Discussion

Thalassiosira pseudonana CCMP 1335 was isolated from Moriches Bay, New York, in 1958,
and the whole genome was sequenced in 2004 [54]. Since the genome became available,
T. pseudonana has been studied from a systems-wide perspective using transcriptomics,
proteomics, and metabolomics (eg. [55, 56, 57, 58, 59]). The genome-scale metabolic model
of T. pseudonana created here incorporates currently available physiological and genomic
data and will serve as a powerful tool to generate hypotheses about diatom metabolism and

interpret molecular and physiological data.

In this study, I identified and incorporated appropriate constraints on photosynthesis, res-
piration, cyclic electron flow, non-growth associated ATP maintenance, and nutrient uptake
based on a synthesis of available data. It was assumed that photosynthesis and respiration
rates are impacted by light intensity only, rather than nutrient limitation or nutrient source
as there is little available data to constrain nutrient impacts. Under these assumptions, ni-
trate and sulfate assimilation were shown to play important roles in balancing redox reactions
in the plastid. Nitrate uptake is more effective at dissipating reductants than sulfate uptake
because of a higher V,,,, and reduced consumption of ATP relative to NADPH equivalents.
Importantly, nitrate is typically limiting both in coastal regions [60] and in the subtropical
gyres [61] whereas sulfate is consistently available at a high concentration (28 mM, [62])

throughout the ocean. In my simulations, I used the kinetics of sulfate uptake from maize
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root due to the lack of available data on diatoms. Marine phytoplankton may benefit from
a higher V,,,, for sulfate than maize roots given the nitrate-poor and a sulfate-rich ocean
environment. A higher V,,,., for sulfate in marine phytoplankton could further enhance the
relative role of sulfate assimilation in redox balance. Although my focus was on growth
limitation by either nitrogen or phosphorus, other types of nutrient-limitation, or photoin-
hibitory light levels may similarly impact redox balance and subsequent release of organic

compounds.

Rates of oxygen production and respiration are typically measured in nutrient-replete
steady state conditions across a range of light levels [36]. Yet, phytoplankton may also adjust
respiration rates under different nutrient conditions. For example, the freshwater green alga
Selenastrum minutum decreases oxygen production and respiration rates when NH, is added
during N-limited conditions [63]. Additionally, alternative oxidase expression is upregulated
in the diatom P. tricornutum under stressful conditions including high light intensity, iron or
nitrate limitation, or supraoptimal temperatures, indicating increased rates of mitochondrial
respiration [64]. If the cell adjusts respiration rates in response to changing redox pressures,
then nitrate and sulfate uptake may contribute little to redox balance. But nitrogen-replete
diatoms have also been observed to secrete ammonium during rapid increases in irradiance
[65], indicating a role for nitrate uptake and secretion of nitrogenous compounds in response

to fluctuating redox pressures.

A range of one- to three-carbon molecules were predicted to be secreted by :Tps1426
under different nutrient conditions. Glycolate production by diatoms has been documented
as a by-product of photorespiration [66, 67]; iTps1426 accurately predicted secretion of this
compound once the photorespiration constraint was added. Secretion of ethanol, acetate,
formate, and D-lactate by diatoms is suggestive of some level of fermentation, which has
been less well documented. Anaerobic bacterial cultures are known to accumulate ethanol,
acetate, and formate, and metabolic models of FE. coli quantitively predict their secretion
[17]. In E. coli, ethanol is typically produced by alcohol dehydrogenase that detoxifies ac-

etaldehyde produced by pyruvate decarboxylase during fermentation. T. pseudonana lacks
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the gene for pyruvate decarboxylase, and instead produces acetaldehyde as a by-product of
threonine aldolase. In Tps1426, acetaldehyde is either converted into ethanol and excreted
or converted into acetate which may rejoin the TCA cycle as acetyl-CoA. Similar secretion of
these fermentation products has been observed in cyanobacteria during dark and anaerobic
conditions. Strains that produced large quantities of glycolate and formate typically did
not produce ethanol, lactate, and acetate and vice versa [68]. Interestingly, I observed that
ethanol, acetate, and lactate production tended to occur only after chrysolaminarin storage
stalled. D-Lactate accumulation has been observed in Chlamydomonas reinhardtic subjected
to anaerobic conditions, although only trace amounts were excreted — most of the lactate
was later re-oxidized [69]. Such accumulation of D-lactate has been linked to inhibition of
mitochondrial respiration [70]. I stimulated mitochondrial respiration with the constraint
NADHOR_m > 0.03 PSI_u but the ratio of these fluxes did not increase beyond 0.03 as
nitrate was depleted, causing D-lactate production. In parsimonious flux balance analysis,
the secondary objective is to minimize the absolute sum of fluxes; D-lactate secretion or
accumulation could be a more optimal solution than an increase in energetic coupling to
maintain PSII flux. These simulations appear to predict anaerobic metabolism as nitrate is
depleted because there is no dynamic adjustment of respiratory constraints. I hypothesize
that secretion of fermentative products is more likely in nature when respiration rates do not
increase rapidly enough to match increased redox pressure, perhaps during fluctuating light
conditions. Given that flux balance analysis cannot differentiate between molecule storage
and molecule excretion, measures of these compounds in culture would indicate whether
T. pseudonana re-oxides any produced D-lactate in a manner similar to C. reinhardtii or

whether these compounds are secreted and available for bacterial consumption.

I accurately predicted chrysolaminarin accumulation both in conditions of N-limitation
and extreme P-limitation, as shown experimentally by ref. [71]. T imposed an upper limit
on chrysolaminarin storage (23% of biomass, [48]). Once the storage capacity was reached,
sulfate uptake and excretion of organosulfur compounds became more important. The stor-

age or excretion of high molecular weight carbohydrates has the potential to dissipate large
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amounts of energy and reductants. Enhanced secretion of exopolysaccharides (EPS) has
been observed during periods of increased carbon assimilation, growth on NHy, nutrient de-
pletion, especially phosphorus, and growth inhibition [72, 73, 74]. The upper limit on EPS
secretion is likely higher than chrysolaminarin storage as it is not constrained by cell volume
and could be an important regulator of redox balance. A pathway for EPS synthesis and
secretion was beyond the scope of the model but would be interesting to study in future
iterations of ¢Tps1426.

Amino acid secretion has been observed in a variety of different diatom species in nitrate-
replete conditions [75]. Approximately 5% of the extracellular carbon excreted by Skele-
tonema costatum was as amino acids and the relative composition of amino acids changed
from dawn to dusk, and exponential to stationary phase [21]. In iTps1426, only transport re-
actions for amino acids which are known to be abundantly excreted by diatoms were included
[76]. If putative transporter genes could be identified for those reactions, then transport re-
actions for all chemically similar amino acids which were transported by those genes were
also added. This resulted in secretion of L-valine, L-isoleucine, L-aspartate, L-asparagine
by iTps1426. A study on the extracellular metabolome of T. pseudonana found that small
peptides were an important component of secreted metabolites — possibly as a by-product
of protein turnover [59].

I predicted that the organic sulfur compounds dimethylsulfoniopropionate (DMSP) and
2,3-dihydroxypropane-1-sulfonate (DHPS) were excreted during conditions of prolonged ni-
trogen limitation including growth on more reduced forms of nitrogen. It has been demon-
strated in T. pseudonana that nitrate limitation causes the greatest increase in DMSP pro-
duction and phosphate causes a smaller increase in intracellular DMSP [77]. It has been
suggested that DMSP may replace stores of proline, another osmolyte, in nitrate-limiting
conditions [77]. I observed that urea and amino acid consumption in the POy-limited simula-
tion further stimulated DHPS excretion. DHPS is a newly discovered organosulfur compound
that has a lower degree of reduction than DMSP (Table 2.3). I included a hypothetical DHPS
biosynthesis pathway in the ¢ Tps1426 using information from ref. [15]. In this model, DHPS
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could be produced from a serine precursor and respired to glycerol-3-phosphate. DMSP and
DHPS have been measured at high concentrations in the cytosol [15], and there may be
turnover in the relative composition of different osmolytes under different conditions rather
than, or in addition to, excretion.

Many of the compounds produced and excreted by ¢ Tps1426 are known compatible so-
lutes. In part, this is because osmolytes are a class of compounds that are known to be
transported in and out of the cell — and there is an otherwise limited knowledge of which com-
pounds diatoms secrete [59]. In live organisms, osmolyte excretion is influenced by osmotic
pressure. The simulation results could be demonstrating changes in the relative composition
of osmolytes inside the cell rather than or in addition to excretion patterns. Future research
could attempt to model more dynamic changes in biomass composition, particularly changes
in the relative abundance of different osmolytes.

1Tps1426 could be extended in a variety of directions. The biomass objective function
could be extended to include trace metal requirements and the details of metal-requiring
protein biosynthesis, as trace metal limitation is an important nutrient condition in the
ocean. A model of silica metabolism has not yet been developed for any metabolic model and
would greatly improve i Tps1426 as well as :LLB1027_lipid. Silica metabolic modeling requires
information on the specific long-chain polyamine composition of the T. pseudonana frustule,
their associated biosynthesis reactions, the amount of silica precipitated per polyamine, and
ideally identification of the genes associated with each reaction. A model of EPS synthesis
and secretion could also be an important feature to develop in the study of redox metabolism.
An effort to better characterize transporters between organelles and the cytosol as well as
extracellular transporters would significantly improve predictions of metabolite secretion and
mechanisms of energetic coupling between the plastid and the mitochondria.

This model of overflow metabolism as a means of dissipating reductants simulated pro-
duction of ecologically important metabolites and generated hypotheses for when these com-
pounds may be excreted. Notably, many of the metabolites secreted by ¢Tps1426 can be

consumed by marine bacteria. For example, a subset of marine bacteria can utilize glycolate



Metabolite Formula Charge Degree of reduction
(wrt. to NO3)
(O} O, 0 -4
Pi HO,P -2 0
SO2~ 048 -2 0
HCOg3 CHO; -1 0
NO3 NOj -1 0
COq COq 0 0
Magnesium Mg 2 0
Formate CHO, -1 2
Glycolate CoH305 -1 3
Acetate CoH30, -1 4
D-Lactate C3H505 -1 4
1,3-Glucan Ci2Ho0O19 0 4
L-Aspartate C,HgNO, -1 5
Chitin CsH13NO5 0 5
DHPS C3H;05S -1 5.33
Biomass C30.5H4s.5N53011.0P0.28S0.24Mgoos  -0.49 5.85
Ethanol CyHgO 0 6
Cyanocobalamin  Cg3HggN14014PCo 0 6.19
Folate Ci9H17N;Og -2 6.2
L-Isoleucine CeH13NO, 0 6.33
L-Valine CsH11NO, 0 6.4
DMSP CsH1005S 0 6.4
Biotin C1oH15N203S -1 6.6
L-Asparagine C,4HgN,O3 0 7
Thiamine Ci2H17yN4OS 1 7.5
Xanthine CsH,;N,Oy 0 8
NHj HyN 1 8
Cyanide CN -1 10
Thiocyanate CNS -1 16
Urea CH4N,O 0 16

Table 2.3: Degree of reduction of exchanged metabolites
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as a sole carbon source [78], and transcripts for glycolate oxidase were found to vary on a
diel cycle during a phytoplankton bloom [79]. Some marine bacteria from the Roseobacter
clade can utilize acetate as a sole carbon source [80]. Many roseobacteria are, however,
unable to reduce nitrate or nitrite and some cannot even oxidize sulfate [81]. Instead they
rely on organic nitrogen and sulfur compounds produced by phytoplankton or other bac-
teria. Alphaproteobacteria and Gammaproteobacteria are known to degrade DMSP into
methanethiol (CH4S) or dimethyl sulfide (DMS) [82]. Ref. [6] found that T. pseudonana
secretes DHPS that supports growth of the alphaproteobacterium Ruegeria pomeroy: during
an interaction where the bacteria provided vitamin Bis to the diatom. This work demon-
strates that environmental conditions impact the physiology of diatoms, which in turn can
impact the types of metabolites secreted. Small differences in the metabolic networks of dif-
ferent types of phytoplankton, as well as differences in respiration, and how different species
react to fluctuations in environmental conditions and redox imbalances can impact the char-
acter and quantity of metabolites secreted. These are likely major factors that structure the
bacterial community associated with phytoplankton and control bacterial succession over the

course of a bloom [83].

2.5 DMaterials and methods

2.5.1 Network reconstruction and curation

A genome-scale metabolic model of Thalassiosira pseudonana CCMP 1335 was generated
using ¢L.LB1027_lipid (the model of Phaeodactylum tricornutum CCAP 1055/1, [13]) as a start-
ing point, based on similarities between the two organisms. The T. pseudonana proteome
was acquired from a dataset produced by ref. [84], in which open reading frames (ORFs)
were improved by ensuring that each gene starts with ‘ATG’, encodes an uninterrupted
reading frame that ends in a stop codon, is less than 10 kb in length, and has EST support.
The ORFs used in a T. pseudonana network reconstruction for BioCyc were retrieved as

well [85]; these proteins were re-annotated in 2012 using the JGI annotation pipeline for
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eukaryotes [86]. The P. tricornutum chromosomal proteome was downloaded from Ensem-
blProtists (ASM15095v2), the plastid and mitochondrial proteomes were downloaded from
NCBI (acc no.: NC_008588.1, HQ840789.1). A gene ID conversion table was provided by
the authors of :LLB1027_lipid and was used to update the gene IDs in the published model.
OrthoMCL [26] was used to identify gene orthologs of P. tricornutum and the two sets of
T. pseudonana ORFs. A network of T. pseudonana reactions was generated by retaining
reactions in ¢L.B1027_lipid that contained gene orthologs from 7. pseudonana and deleting
reactions with no gene ortholog. Spontaneous reactions in ¢L.B1027_ lipid were preserved
in the T. pseudonana model. Protein localization predictions were performed on both 7.
pseudonana ORF sets (see Subcellular Protein Localization, below). BiGG IDs [87] were
used for reactions and metabolites in the T. pseudonana network, and these were assigned
to six different compartments: cytosol (‘c’), mitochondria (‘m’), peroxisome (‘x’), chloroplast
(‘h’), thylakoid lumen (‘u’), endoplasmic reticulum (‘r’), or extracellular (‘e’).

The guidelines from an established genome-scale reconstruction protocol [88] were imple-
mented to refine the T. pseudonana model. All genes from ref. [84] with orthologs in the
reconstruction, all genes assigned to a reaction in BioCyc [85], and all T. pseudonana genes
without an ortholog in P. tricornutum were annotated with InterProScan [89] and those an-
notations were used to verify gene-protein-reaction associations, and to detect missing genes,
reactions, and pathways in the model. KEGG [90] and BioCyc [85] databases were used as
an aid in model curation to make comparisons between organisms. The literature on 7.
pseudonana was examined for experimental evidence on the existence of different reactions
and for protein localization data (see references and notes in Supplementary Data Set B.1).
When experimental protein localization data was available, it superseded the subcellular lo-
calization prediction. For each reaction, mass and charge balance were verified and links to
external databases were added for each reaction and metabolite.

Dead-end metabolites were identified as metabolites present only in blocked reactions;
blocked reactions cannot carry flux due to reactions missing in the network and dead-end

metabolites cannot be produced by the model as they are only part of blocked reactions.
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These reactions were identified with the flux analysis module in COBRApy and the gapfilling
module was used to identify gaps in the network [91]. Gaps were filled if a gene for the missing
reaction could be identified, if there is physiological evidence that the reaction exists, if the
majority of the pathway is otherwise present in the model, or if the reaction was required
to produce biomass. In T. pseudonana, 1 first checked whether the reaction was present
in another compartment and if there was any evidence that the subcellular localization
prediction was too stringent (e.g., a low confidence prediction may be more likely based on the
localization of other reactions in the pathway), if there is the possibility of dual-targeting, or if
a different gene with the correct localization for the reaction could be identified. Occasionally,
the JGI ORF's (rather than the ORFs from ref. [84]) provided the missing gene for a reaction,
or a more likely subcellular localization prediction. If there was no evidence that a protein
in the model was incorrectly targeted, then transport reactions between compartments were
added to connect the network. Demand reactions were added for metabolites that are known
to be produced, but their degradation pathways or their fractional abundance in biomass are
unknown [88]. Sink reactions were added for metabolites are variable biomass components
that are known to be dynamically produced and consumed. iTps1426 is available in SBML
format as Supplementary File B.1 and will be deposited in the BioModels database.

2.5.2  Subcellular protein localization

The protein localization pipeline developed by ref. [13] was updated for this analysis. For
chloroplast targeting predictions, TargetP [92] was replaced with ASAFind [84], a plastid
proteome prediction tool developed for diatoms and other algae with plastids derived from
a secondary endosymbiosis. All T. pseudonana proteins were used as input for SignalP 4.1
93], TargetP 1.1 [92], HECTAR 1.3 [94], Mitoprot II 1.101 [95], ASAFind 1.1.7 [84], pre-
dictNLS 1.3 [96], and scanProsite [97]. PredictNLS, a tool for predicting nucleus targeted
proteins, was run in batch mode using a script that re-implements predictNLS 1.3 in Python
(https://github.com/peterjc/pico_galaxy/tree/master/tools/predictnls). ScanProsite was run
to search for two peroxisomal targeting signals ”[SACJ-[KRH]-[LM]>" and ”S-S-L>" [9§]


https://github.com/peterjc/pico_galaxy/tree/master/tools/predictnls

74

and the PROSITE pattern PS00342 describing microbody C-terminal targeting signals, as
well as the endoplasmic reticulum (ER) targeting signal ” [KD]-[DE]-E-L>" [92, 99] and the
PROSITE pattern PS00014 describing other endoplasmic reticulum targeting sequences. All
other programs were run with default settings. ER-targeted proteins were defined as ‘Not
plastid, SignalP positive’ or ‘Plastid, low confidence’ by ASAFind and contained an ER-
targeting signal identified by scanProsite. Plastid-targeted proteins include those identified
by ASAFind as ‘Plastid, high confidence’ or ‘Plastid, low confidence’ with no recognized
ER targeting signal. Mitochondria targeted proteins are SignalP negative and predictNLS
negative and match one of the following criteria: (A) have a Mitoprot II score > 0.9, (B)
have a Mitoprot II score > 0.8 and are mitochondria targeted according to HECTAR or
have a mitochondrial targeting peptide according to TargetP, or (C) are predicted to be
mitochondria targeted by HECTAR and have a mitochondrial targeting peptide according
to TargetP. Peroxisome targeted proteins are SignalP negative, predictNLS negative, not
mitochondria targeted, and contain a peroxisome targeting signal according to scanProsite.
Proteins in the plastid and mitochondrial genomes were assigned to reactions in the plastid
and mitochondria, respectively. All remaining proteins were assigned to the cytosol. 408
sequences from the optimized gene catalog could not be run through this subcellular local-
ization pipeline despite curation by ref. [84] because they have internal stop codons, or were

either too long or short for some of the programs.

2.5.8 Biomass objective function

Biomass reactions convert metabolites in the model into cellular components that comprise
the millimolar contribution to 1 g dry weight (gDW) of cell mass under specific growth
conditions [88]. A biomass reaction was developed for T. pseudonana cells acclimated to
~100 pmol photons m~2 s~! using biomass composition measurements from the literature
and from genome sequence data. The biomass reaction constitutes DNA, RNA, protein,

free amino acids, pigments, carbohydrates, lipids (phospholipids, sulfolipids, galactolipids,

glycerolipids), and a soluble pool of osmolytes, polyamines, and cofactors (see Supplementary
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Data Set B.2 for calculations and references). Measurements derived from the literature were
typically performed on samples harvested from batch cultures during the exponential growth

phase, at temperatures ranging from 15-21°C (optimal growth temperature is 21°C).

2.5.4  Mechanistic model of light-harvesting

Using ref. [31] as an guideline, stoichiometric reactions were generated to represent light
harvesting in 7. pseudonana. The pigment weight and composition [100, 101] was used
in combination with the weight-specific absorption spectra for each pigment [39, 102] to
calculate the relative absorption of each pigment within 20 nm bins in the photosyntheti-
cally active radiation range (PAR range; 400-700 nm). Excitation energy transfer reactions
were generated to account for energy loss in the transfer of excitation energy from different
pigments in the FCPs to chlorophyll a in the reaction centers. Photon absorption was con-
strained for each wavelength using the absorption spectrum of T. pseudonana cells and the
light intensity spectrum of a cool white fluorescent bulb according to the methodology in ref.
[31]. PSI and PSII reactions were modified to include charge separation and recombination
reactions. The rate of photodamage to the PSII D1 subunit was included as a proportion
of the flux through PSII [31, 34]. A non-growth associated ATP maintenance reaction was
generated to account for the costs of D1 subunit degradation and biosynthesis [31, 103]. See

Supplementary Data Set B.3 for calculations and references.

2.5.5 Fluz Balance Analysis

FBA simulates the flow of metabolites through a network of reactions using the mass balance

equation,
dr

Gy = 2.12
7 S-v=0 (2.12)

given that,

LB<v<UB (2.13)
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where the change in metabolite concentration (dz) over time (dt) is equal to the stoichio-
metric matrix (S) describing a reaction network times a vector of fluxes (v). Intracellular
metabolites are assumed to be at steady state, which allows v to be solved while maximiz-
ing an objective function within certain bounds (LB, UB). The GLPK solver was used to
optimize all FBA problems.

Growth simulations of ¢Tps1426 were performed by dynamic FBA. I modified Matlab
scripts provided by E. Borenstein to implement the method published in ref. [104] in Python
with the COBRApy package [91] for a photosynthetic organism. The growth period was
divided into thirty-eight 8-hour intervals, and steady state was assumed for each time interval
so that FBA could be used to solve for the growth rate and reaction flux distributions every 8
hours. I determined the uptake limit for the metabolite j at each time point ¢, such that the
lower bound of each exchange reaction is equal to either the flux predicted by the Michaelis-
Menten equation or the concentration of each metabolite x; per gram dry weight (¢DW)

biomass (bio(t)) per time period At, whichever is closer to zero.

Vinaw * 5 T
LB;(t) = —mi mar J J 2.14
(0 mm( e At) 214

Michaelis-Menten parameters were calculated from the literature on 7. pseudonana for
HCO3, CO2 [105], NO3 [106], PO, [107], NH4 [108], and urea [109] (Supplementary Data
Set B.3). SO, uptake rates were obtained from maize roots [110]. The concentrations of
HCO3 and CO, in Aquil were calculated for seawater concentrations at 390 ppm pCOs [34].
As in ref. [104], V0. was set to 20 and K, was set to 0.05 for all other uptake reactions,
with the exception of H,O and H* which were assumed to diffuse freely and V., was set
to 1000. The biomass-dependent lower bound assumes that i Tps1426 exists in a well-mixed
environment where it can sense nutrient-availability and adjust its uptake rate accordingly
[104]. The lower bound for COy and HCO3 uptake were always constrained with Michaelis-
Menten parameters. O, production fluxes were constrained during the light period using
experimental values from the photosynthesis-irradiance (I) curve for cells acclimated to 60

pmol photons m™2 s™! published in ref. [36] using Platt fitting [37] parameters and dark
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respiration (0.086 mmol Oy (mg Chl a)~! h™1).

B —0.0044-1 mgqg chl a/cell
NPP = (0279 (1 —e702 ) —0.086) - <W/Ce” (2.15)

The compensation light level (at which net Oy production (NPP) = 0) was calculated to be
23.3 pmol photons m~2 s~1. If I > 23.3, then the bounds on the oxygen exchange reaction
(‘EX_02_¢") were set as

0.99- < EX 02.¢(t) <1- NPP (2.16)

Otherwise, NPP was negative the bounds on EX_02_e were set as
1-NPP < EX 02e(t) <0 (2.17)

The lower bound of the sum of COy and HCOj3 uptake was constrained with gross primary
productivity values for cells acclimated to 60 pmol photons m~2 s™! using Platt fitting [37,
36).

70.002141) (mg chl CL/CBZZ

—1-0.243 - (1 — e 0243 DWW/ cell > < EX _co2e+ EX _hco3.e (2.18)

After each time point, the concentration of Oy, HCO3, and CO4 was re-equilibrated with
the atmosphere so that concentrations remained constant (well-mixed). Photon uptake was
constrained for each 20 nm in the PAR spectral range using the method published in ref.
31),

. Thgo - L+ A
LB/\20 (t) = —nun (T)\zo - Ay )Qljlo(t) + Z UA201*> (219)
UBy,, (t) = —0.9999 - min(PFA, PFD) (2.20)

, where photon uptake is constrained by the photon absorption flux (PFA) or the photon flux
density (PFD), whichever is closer to zero. The term 7),, is the fraction of the light source’s
photon flux at a particular wavelength integrated within a 20 nm bin, ay,, is the absorption
of light at that wavelength (m? gDW™!) [111], and A is set to the surface area of the flask (a
300 mL tissue culture flask = ~0.0225 m?). The culture volume was divided into 10 slices

and vy, is the sum of photon flux density in all previous slices to account for self-shading
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in culture. The light intensity (/) in each slice was back-calculated from the photon flux
values and used to calculate the rate of D1 damage for the PSII reaction (‘PSII_u’), the
rate of O evolution (‘EX_02.¢’), and the lower bound of carbon uptake. The medium was
initialized with a concentration of 1,3-glucan and chitin representing 23% [48] and 15% [49,
50] of initial biomass, respectively. The upper bounds of 1,3-glucan and chitin sink reactions
only unblocked when their concentration was less than 23% and 15% of biomass at that time
point. :Tpsl426 was constrained with the photorespiration and mitochondrial respiration
constraints developed above. I used parsimonious flux balance analysis (pFBA) to generate
single solutions for each time point. pFBA optimizes the model objective and then minimizes
the total sum of flux to obtain single solution that contains no thermodynamically infeasible
loops. The second objective imitates a possible cellular objective of minimizing protein
biosynthesis. The fraction of optimum was set to 0.99 so that biomass production must be
at least 99% of optimum.

The resulting flux distribution was used to calculate the biomass of iTps1426 and the

concentration of metabolite z; in the next time interval.
bio(ty) = bio(ty) - e!2 (2.21)

2j(t2) = ;(0) + 32 “Hlbio(t) (e = 1) (222)

, where p is the growth rate of ¢ Tps1426 and v; is the flux of each metabolite. If i = 0, then
it was rounded up to le-6 (the error tolerance). All fluxes were all converted from mmol
gDW~ h! to pumol gDW~! h™! to avoid numerical precision issues associated with small

fluxes.
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Chapter 3

GENOME-SCALE METABOLIC MODELING OF
INTERACTION BETWEEN THE B12-AUXOTROPH
THALASSIOSIRA PSEUDONANA AND THE
B12-PRODUCING MARINE BACTERIUM RUEGERIA
POMEROYI

3.1 Abstract

Vitamin By auxotrophy among diatoms is considered an important mechanism governing
interactions with bacteria in the Roseobacter clade, which are principle producers of By,
(cobalamin) in the ocean. The cobalamin-producing bacterium Ruegeria pomeroyi DSS-3
supports growth of the diatom Thalassiosira pseudonana CCMP 1335 in the absence of ex-
ternal cobalamin additions to the media in exchange for organic matter, particularly the com-
pound 2,3-dihydroxypropane-1-sulfonate (DHPS). I reconstructed a genome-scale metabolic
network of R. pomeroyi that integrates genomic and physiological data to study the sys-
temic basis of interaction with 7. pseudonana. The model of DSS-3 (iRpo1302) is a network
of 1,695 reactions and 919 metabolites that cover the enzymatic activities of 1,302 genes
(~30% of the bacterial genome). The network topology of R. pomeroyi and a previous re-
construction of 7. pseudonana (iTps1426) were used to re-analyze transcriptomic data from
each organism in co-culture versus each organism in mono-culture collected after 8 hours.
Metabolites around which there was differential transcriptional regulation were identified in
the reconstructed networks when the two treatments were compared. A signature of Bis-
limitation for T. pseudonana and a signature of diatom-metabolite utilization for R. pomeroy:
were identified. Flux Balance Analysis, a constraint-based modeling method, was used to
simulate the exchange of metabolites between the two metabolic models and demonstrate

that Bio-limited growth of T. pseudonana could explain the observed patterns of metabolite
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secretion. Cobalamin is a cofactor for two different enzymes in diatoms, methionine syn-
thase and methylmalonyl-CoA mutase. Yet, the lack of cobalamin has far-reaching effects
on diatom metabolism due to the involvement of methionine synthase in the folate cycle
and methyltransferase reactions, through the generation of S-adenosyl-methionine. Further-
more, genome-scale metabolic modeling of photosynthetic organisms has demonstrated that
growth-limiting conditions can be a boon for opportunistic marine bacteria as the assimi-
lation of inorganic nutrients and secretion of excess metabolites are important mechanisms
for balancing redox reactions and dissipating energy, particularly in conditions of high light

intensity.

3.1.1 Importance

Diatoms are a group of eukaryotic phytoplankton that are important primary producers in
coastal regions. Dissolved organic matter secreted by diatoms fuels secondary production by
heterotrophic bacterioplankton, resulting in rapid cycling of organic matter in the surface
ocean. Transcriptomics and metabolomics have revealed that the physiology of diatoms is
affected by the presence of different bacteria in their environment, and that marine bacteria
interact with diatoms using various strategies. However, metabolic transfer between trophic
levels remain difficult to describe because those fluxes are likely ephemeral, involve a diverse
assortment of molecules, and occur over microscopic distances. Constraint-based metabolic
modeling can be used to rapidly simulate nutrient and metabolic fluxes in sequenced marine
organisms. There is a need in the field of Oceanography to connect genes to ecosystems.
Genome-scale metabolic modeling gives us the ability to integrate a wealth of molecular

information to effectively develop and test systems-level hypotheses.
3.2 Introduction

Interaction between phytoplankton and heterotrophic bacteria is the most basic unit of the
marine food web, linking primary and secondary production [1, 2]. In the surface ocean,

phytoplankton transform inorganic nutrients and CO, into algal biomass and metabolites,
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up to 60% of which is rapidly consumed by bacterioplankton [3]. The trophic transfer of
organic matter from primary to secondary producers is not a passive unidirectional process,
where bacteria scavenged nutrients from a relatively homogeneous dilute pool. Instead,
organic matter distribution is concentrated and patchy at the microscale [4, 5]. Molecular
approaches have unveiled a realm where marine microbes exhibit unique metabolic and
regulatory responses to each other’s presence [6, 7, 8]. In this paradigm, organic matter
characteristics and residence time are determined by the dynamics of phytoplankton-bacteria

interactions [2].

Diatoms and bacteria from the Roseobacter clade co-occur in coastal regions [9], and
these associations persist in culture [10]. During a diatom bloom in the North Sea, roseobac-
teria showed high levels of expression for transporters of low molecular weight compounds
[11], indicating that these bacteria are partly responsible for rapid dissolved organic matter
cycling in the surface ocean. Roseobacteria often have large genomes (> 4 Mb) and broad
metabolic diversity [12]. They are known to consume many of the metabolites produced by

phytoplankton and also have the capacity to synthesize vitamins and secondary metabolites.

Early culturing work demonstrated that many diatoms require vitamin Bj, (cobalamin)
for growth, and that cobalamin-producing marine bacteria could support their growth in
culture [13]. It is now clear that B vitamin auxotrophy is widespread among eukaryotic
phytoplankton; many require these cofactors for growth but are unable to synthesize them.
About half of eukaryotic phytoplankton in culture have an absolute requirement for vitamin
B2 (cobalamin), while a quarter require vitamin B; (thiamine) and 8% require B; (biotin)
[14]. In contrast, 86% of roseobacteria are capable of de novo Bis biosynthesis, while ap-
proximately half are auxotrophic for vitamin B; or B; [14]. Cobalamin-limitation can have
profound impacts on mitochondrial metabolism, one-carbon metabolism (folate cycling), and
methylation. Methionine synthase converts homocysteine to methionine in a two-step reac-
tion involving two methyl transfers, from methylcob(IIT)alamin to homocysteine, and from
5-methyltetrahydrofolate to cob(I)alamin. Methionine synthase plays an important role in

the folate cycle as the only enzyme capable of regenerating tetrahydrofolate (THF) from 5-
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methyltetrahydrofolate. Methionine is also the precursor to S-adenosyl-methionine (SAM),
a co-substrate in thiamine, and biotin biosynthesis reactions, as well as a methyl donor in
methyltransferase reactions. Methylmalonyl-CoA mutase is the final step in the degradation

of valine, isoleucine, and odd-chain fatty acids.

The extension of presumed vitamin-based mutualistic interactions to the global scale
[15] has been controversial, as many phytoplankton may scavenge enough cobalamin from
nutrient upwelling [16] and decaying cells in the surrounding seawater to support growth
[17]. Yet, certain regions of the ocean such as the Ross Sea [18] and the Antarctic ice
edge [19] have been shown to be co-limited for iron and Bjs under conditions when the
growth of Bis-producing marine bacteria is limited by iron availability. Bis co-deficiency
with iron and nitrogen has also been detected at the eastern boundary of the South Atlantic
Gyre [20]. Depletion of multiple vitamins has been measured along the California coast
[21]. Thaumarchaeota, one of the principle Bjy producers in the ocean, are more reliant on
copper than iron availability [22], but are more abundant at and below the deep chlorophyll
maximum [23].

Recent co-culture studies also support the possibility of multiple phytoplankton/bacteria
vitamin-based mutualisms. The green picoeukaryote Ostreococcus tauri and the roseobac-
terium Dinoroseobacter shibae can form a mutualistic interaction where O. taur: growth is
supported by cobalamin and thiamine produced by D. shibae, while D. shibae growth is
supported by niacin, biotin, and p-aminobenzoic acid (a folate precursor) from the alga [24].
The diatom Thalassiosira pseudonana is auxotrophic for cobalamin; it has two Bis-dependent
enzymes, methymalonyl-CoA mutase (MMM) and methionine synthase (METH), and three
accessory proteins involved in supplying the cofactor to the enzymes. NADH:cob(IT)alamin
oxidoreductase (CBLA) transports cobalamin into the mitochondria, cob(I)alamin adeno-
syltransferase (CBLB) transforms cob(I)alamin into adenosylcobalamin, the cofactor for
MMM, and methionine synthase reductase (MTRR) converts cob(II)alamin into methyl-
cob(IIT)alamin, the cofactor for METH [25]. Ruegeria pomeroyi is prototrophic for cobal-

amin; it has Bis-dependent enzymes as well as the capacity to synthesize vitamin By de
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novo. In addition to the Bjs-dependent enzymes mentioned previously, R. pomeroy: has

type II ribonucleotide reductase that utilizes the adenosylcobalamin cofactor.

Ref. [7] demonstrated that unexpected nutrient substitutions are possible when T.
pseudonana was grown in the absence of Biy supplements, but in the presence of the
cobalamin-producing bacterium R. pomeroyi. Rather than utilize sulfate which is abun-
dant in seawater, R. pomeroyi utilized organic sulfur produced by the diatom in the forms
of 2,3-dihydroxypropane-1-sulfonate (DHPS) and N-acetyltaurine. In addition, R. pomeroyi
likely received organic nitrogen or NHJ from 7. pseudonana as the bacterium cannot as-
similate nitrate, the only source of nitrogen in the media. In Chapter 2, I demonstrated
that T. pseudonana may secrete organic nitrogen or sulfur as a mechanism to balance redox

reactions under growth limiting conditions.

Here constraint-based metabolic modeling was used to study the interaction between
T. pseudonana and R. pomeroyi from a systems-level perspective. A new genome-scale
metabolic model was developed for R. pomeroy: for use with the previously developed
genome-scale metabolic model of T. pseudonana (Chapter 2). Dynamic Flux Balance Anal-
ysis was used to simulate the growth of each organism in mono-culture and in co-culture.
Each organism impacts its own extracellular space which feeds into the medium, impact-
ing the nutrient conditions of the other organism in the next time point. The models were
constrained with the transcriptomics data from ref. [7] to determine which aspects of the
interaction might be transcriptionally controlled. Cobalamin-limitation played an impor-
tant role in the interaction. DHPS production, in particular, was caused by the inhibition
of methionine synthase by Bjs deficiency. In addition, the growth inhibition caused by
Bio-limitation prompted T. pseudonana to release more organic matter as a mechanism for
balancing redox reactions and dissipating energy. R. pomeroyi benefited from the increased
flux and more highly reduced organic matter, while some redox stress was alleviated for 7.

pseudonana as R. pomeroyi oxidized the diatom byproducts.
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3.3 Results

3.3.1 Reconstruction of the R. pomeroyi metabolic model

A genome-scale metabolic model of Ruegeria pomeroyi DSS-3 (iRpo1302) was reconstructed
using available literature information and a previous reconstruction of a related alphapro-
teobacterium, Rhodobacter sphaeroides 2.4.1. (iRsp1140, [26]). Both R. sphaeroides and
R. pomeroyi belong to the Rhodobacteraceae family, and 50% of the genes in R. pomeroyi
are shared with R. sphaeroides. Several major pathways were removed from Rsp1140 to
create 1Rpol1302 including photosynthetic carbon fixation, carotenoid biosynthesis, biosyn-
thesis of photosynthesis proteins, chlorophyll metabolism, starch and sucrose metabolism,
and polyketide sugar unit biosynthesis. Several pathways were added to {Rpo1302, includ-
ing dimethylsulfoniopropionate (DMSP) catabolism [27], 2,3-dihydroxypropane-1-sulfonate
(DHPS) catabolism [28], N-acetyltaurine catabolism [28], isethionate catabolism [29], trimethy-
lamine catabolism [30], choline-O-sulfate catabolism [31], a reductive acetyl-CoA pathway
for carbon monoxide utilization [32], phenylacetate catabolism, ectoine catabolism, phospho-
nate and phosphinate metabolism, indole-3-acetic acid biosynthesis, catabolism of xanthine
to glyoxylate and ammonia [33], and molybdenum cofactor biosynthesis. An alternative
isoleucine biosynthesis pathway was also added to iRpo1302 [27, 34]. Transport reactions
were added for indole-3-acetic acid, acrylate, citrate, DMSP, DHPS, N-acetyltaurine, acyl-
homoserine lactones, methylamine, dimethylamine, trimethylamine, trimethylamine N-oxide,
(R)-3-hydroxybutanoate, choline-O-sulfate, ectoine, isethionate, methylphosphonate, carbon
monoxide, cyanocob(IIl)alamin, aquacob(III)alamin, cyanide, allophanate, UDP-N-acetyl-
D-glucosamine, formamide, carnitine, sarcosine, dimethylglycine, spermine, alpha-ribazole,
3-dehydroshikimate, shikimate, chorismate, phenylpyruvate, 3-methylthiopropionate, and 4-
aminobenzoate. These transport reactions were added based on literature data showing
utilization of these compounds, detection of these metabolites in the growth medium of R.
pomeroyi [35], or transcriptomic evidence that these compounds may be utilized or secreted

during microbial interactions [7, 8]. iRpo1302 simulates the activity of ~30% of the genes in
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the R. pomeroyi genome, creating a model of metabolic activity of 919 unique metabolites

by 1,695 reactions (Table 3.1, Supplementary Data Set C.1).

3.3.2  Metabolic network analysis of transcriptomic data

Ref. [7] analyzed transcriptomic data from 8 h and 56 h after cultures were initiated to
identify several metabolites that were likely exchanged between R. pomeroyi and T. pseudo-
nana; ref. [28] confirmed the exchange of DHPS. Metabolic pathways activated by these
nutritional exchanges were also inferred from the relative change in concentration of intra-
cellular metabolites [7]. The ¢Tps1426 and the :Rpol302 network were used to re-analyze
transcriptomic data from refs. [28, 7] and to identify metabolites associated with genes dif-
ferentially transcribed in co-culture [37]. For each gene in the metabolic network, p-values
were converted into z-scores where z-scores were calculated for each metabolite as the sum of
z-scores for those genes required to catalyze a reaction involving a given metabolite (neigh-
boring gene) divided by the square root of the number of neighbouring genes. These z-scores
were then corrected for the background distribution of z-scores for each level of connec-
tivity in the metabolic network (Supplementary Figure C.1). This method allows z-score
assignment to each metabolite in both genome-scale metabolic models and data collection
time points and evaluation of how transcriptional regulation may affect measured changes
in metabolite concentration.

In this analysis of R. pomeroyi after 8 h in co-culture versus mono-culture, corrected
z-scores ranged from 7.2 for DHPS to —7.1 for AMP, and the median z-score was 0.13,
signifying that DHPS was a metabolite that was differentially regulated while AMP was
not. Although there is no score cut-off for what constitutes differential regulation [38],
the higher scoring metabolites are considered to be indicators of the metabolic differences
that arise as a result of transcriptional regulation (or that prompt changes in transcrip-
tion). Ref. [7] predicted based on transcriptomic analyses that R. pomeroyi would import
N-acetyltaurine, glycine betaine or proline, glutamate or aspartate, branched-chain amino

acids, an amide or urea, altronate or galactarate, acetate, DHPS, and export bisulfite in
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Ruegeria pomeroyi

DSS-3

Model name

Genes
Genome
Model
Complexed
Reactions
Reversible
Irreversible

Gene associated

Non-gene associated

Metabolic

Transport

Exchange

Demand

Biomass

ATP maintenance

Extracellular

Periplasm

Cytoplasm

Total

Blocked

Orphaned
Metabolites

Extracellular

Periplasm

Cytoplasm

Total

Unique

Dead-ends

iRpo1302

4,370 [36]
1,302 (29.8%)
539

656
1,039

1,244

451

961

484

238

6

6

1

239

245

1,211

1,695

188 (11.1%)

202 (14.4%)

Table 3.1: Summary of i{Rpol1302 model properties
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co-culture based on upregulated transport genes and downstream metabolic genes that were
differentially regulated. The z-score calculations indicated that these were some of the high-
est scoring metabolites in the network (Supplementary Data Set C.2). Ref. [7] directly
measured a higher concentration of some metabolites when R. pomeroy: was in co-culture
including, L-cysteate, sulfolactate, sn-glycerol-3-phosphate, UDP-glucose, L-phenylalanine,
guanosine-3-phosphate, dGMP, D-gluconic acid, 2-dehydro-D-gluconate, UMP, CMP. All of
these metabolites had high z-scores with the exceptions of UDP-glucose, D-gluconic acid, 2-
dehydro-D-gluconate. Myo-inositol, and D-sedoheptulose-1,7-phosphate were also detected
in the co-culture study; these metabolites are not part of the :Rpo1302 model because there
is limited genetic evidence connecting inositol phosphate metabolism to the rest of the model
and no genetic evidence for the production of D-sedoheptulose-1,7-phosphate in R. pomeroy:.
These analyses also identified additional metabolites with high z-scores that are predicted to
either accumulate within, or be excreted by, R. pomeroyi based on differential transcription
patterns. These metabolites include N-acetyltaurine, 2-oxo-3-hydroxy-propane-1-sulfonate,
bisulfite, allophanate, D-altronate, branched chain amino acids, UDP-N-acetyl-glucosamine
and other peptidoglycan or lipopolysaccharide biosynthesis intermediates, purine metabolism
intermediates, adenosylcobyrinate-a,c-diamide, and adenosylcobalamin (Figure 3.1A, Sup-
plementary Data Set C.2). Some, but not all, of these metabolites were targeted for mea-
surement in ref. [7]; those that were measured did not have a significantly different con-
centration between treatments. Some metabolites are predominantly associated with genes
down-regulated in co-culture (Figure 3.1A), including carbon monoxide, COs, sulfite, glyco-
late, and glycerol. Carbon monoxide and possibly glycerol (from bacterial glycerol stocks)
may be the main sources of carbon for R. pomeroyi in mono-culture. In the absence of
organic sulfur from 7. pseudonana, R. pomeroyi is likely utilizing more oxidized forms of

sulfur.

Ref. [7] predicts that in co-culture, T. pseudonana upregulates vitamin Bis, lipid, and
amino acid uptake; upregulates chitin utilization, resulting in production of UDP-N-acetyl-

glucosamine; and downregulates sulfate uptake. Ref. [7] only measured metabolites in 7.
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pseudonana at the 56-h time point when more genes were differentially regulated. Z-scores
were generated with transcription data for T. pseudonana collected at the 8-h and 56-h time
points. After 8 h, corrected z-scores ranged from 3.0 for extracellular cyanocobalamin to
—4.9 for N-acetyl-D-glucosamine with a median score of —0.04. Reporter metabolites in the
90" percentile include cyanocob(III)alamin and aquacob(III)alamin, choline, urea, biotin,
sulfate, plastidial bicarbonate and other intermediates in the Calvin-Benson cycle, amino
acids, some precursors for L-methionine biosynthesis including L-serine, L-homocysteine, a
putative product of DHPS degradation glycerol-3-phosphate [7], a carbohydrate metabolism
precursor UDP-alpha-D-galactose, intermediates in branched-chain amino acid degradation,
S-adenosyl-homocysteine, intermediates in ubiquinone biosynthesis, some lipids including
triacylglycerols, 1,2-diacyl-sn-glycerols, and fatty acids (Figure 3.1B, Supplementary Data
Set C.2).

After 56 h in co-culture, corrected z-scores for T. pseudonana ranged from 3.7 for plastid-
localized H* to —5.3 for mitochondrial succinyl-CoA with a median score of -1.2. The tran-
scriptional response of T. pseudonana to co-culture conditions is much stronger after 56 h
compared to the 8-h time point. Only the By acquisition gene CBA1 was significantly up-
regulated at both time points; after 56 h, there was downregulation of sulfo/glycerolipid and
fatty acid biosynthesis, downregulation of carbomoyl phosphate synthase, and upregulation
of chitinase and the UDP-N-acetyl-glucosamine transporter [7]. Vitamin By was not among
the top-scoring metabolites after 56, though amino acids, lipids, sulfate, and UDP-N-acetyl-
glucosamine were. Ref. [7] found L-homocysteine and D-gluconic acid concentrations to be
significantly lower in co-culture, while L-homocysteine had a low z-score and D-gluconic
acid was not present in :Tps1426 due to lack of genetic evidence for the biosynthesis of
this metabolite. Other metabolites with high z-scores in this analysis include oxygen and
hydrogen peroxide, plastidial oxygen, COs, PSII-associated metabolites, pigments including
chlorophyll a, terpenoids, and carotenoids, carbamoyl phosphate, S-adenosyl-methionine,
S-adenosyl-homocysteine and ubiquinone biosynthesis intermediates, pentose phosphate in-

termediates, branched chain amino acids and their degradation products, lipids, UMP, GTP,
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and TCA cycle intermediates (Figure 3.1C, Supplementary Data Set C.2).

3.3.8  Simulation of interaction between T. pseudonana and R. pomeroyi

The interaction between T. pseudonana and R. pomeroy: was simulated using dynamic Flux
Balance Analysis (FBA). Genome-scale metabolic models of T. pseudonana and R. pomeroyi
(iTps1426 and iRpo1302) represent metabolism by connecting a network of metabolites with
all reactions known to occur in an organism. The existence of a reaction is supported by gene
annotations and physiological evidence where available; genome-scale models can integrate
a wealth of information on the metabolism of an organism in a way that is mathematically
solvable. Flux distributions through a network can be calculated using Flux Balance Analy-
sis by adding constraints on nutrient exchange reactions, and selecting an objective function
(for example, maximize biomass production). This method assumes steady state conditions,
optimal growth temperature, and fixed biomass composition. In dynamic FBA, the growth
curve is split up into steady state chunks and the resulting fluxes determine nutrient up-
take and metabolite secretion into the media. Condition-specific models were produced with
the GIMPE algorithm [39]. GIMPE creates irreversible Mixed Integer Linear Programming
(MILP) models and associates penalty coefficients with each reaction. Penalties denoting
the level of transcription were mapped to each reaction using the associated genes in the
metabolic model, ensuring that pathways with higher levels of transcription (or lower penal-
ties) were active. Co-culture conditions consisted of growth on a 16-h light/8-h dark cycle

2 s71in f/2 media, in the absence of vitamin Bj,. As a control, a

at 160 pmol photons m~
mono-culture of T. pseudonana was simulated in the same conditions with the addition of
external cyanocob(IIl)alamin. The growth curve was divided into seventy 4-h steady state
intervals and the uptake rate of nutrients or metabolites for each model was calculated. Flux
Balance Analysis was performed for each model at each time point, and the resulting specific
growth rate and metabolite flux predictions were used to update biomass and metabolite

concentrations in the medium.

Cell concentration from ref. [7] was converted to estimates of biomass concentration using
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Figure 3.1: (Previous page.) Network of reporter metabolites with z-scores in the 90" percentile and
genes associated with each metabolite for (a) R. pomeroyi after 8h, (b) T. pseudonana after 8h, and
(c) T. pseudonana after 56 h in co-culture versus mono-culture. Small circles indicate neighboring
genes and are coloured according logs(fold-change + 0.5); the color bar indicates the range of values
as well as the density distribution of genes. Red indicates increased transcript abundance in co-
culture and blue indicate decreased transcript abundance in co-culture. Metabolites are indicated
by larger circles, those located in compartments other than the cytosol labeled with abbreviations in
parentheses for each organelle. Metabolites associated with fatty acid/lipid metabolism are colored
according to class: fatty acyl ACPs (brown), fatty acyl CoAs (yellow), diacylglycerols (pink), and
triacylglycerols (green). Hydrogen and water are not shown. The corresponding metabolite names
for each abbreviation can be found at http://bigg.ucsd.edu or in Supplementary Data Set B.1 or
C.1. Metabolites located in compartments/organelles other than the cytosol are indicated with the
following abbreviations: periplasm (‘p’), extracellular (‘e’), mitochondria (‘m’), chloroplast (‘h’),

thylakoid lumen (‘u’), peroxisome (‘x’).

cell dry weight measurements from the literature for both 7. pseudonana and R. pomeroy:.
T. pseudonana was starved for vitamin Bi, over three sequential transfers prior to the start
of the experiment; the experimental growth curves of T. pseudonana upon addition of B,
in mono-culture did not demonstrate exponential growth and had relatively low cell yields.
Recuperation from growth-limiting conditions is not steady state (violating one of the FBA
assumptions) and likely involves shifts in biomass composition. Initial simulations predicted
a much higher growth rate (represented by the ‘DM _biomass_c’ reaction) for T. pseudonana
than the experiment predicted. To try and improve the accuracy of the simulation, the
upper bound of {Tps1426 biomass production was set to the maximum observed growth
rate in the experiment. Similarly, the bounds of {Rpol1302 biomass production were set
to the minimum and maximum observed growth rates in the experiment. Nevertheless,

1Tps1426 reached a higher biomass yield in mono-culture than experimental cell counts of


http://bigg.ucsd.edu
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T. pseudonana would predict. But because the steady state assumption was violated, the cell
dry weight measurement likely fluctuates over the course of the experiment, so the accuracy
of the diatom biomass estimate is not known. In co-culture, growth of i Tps1426 is suppressed
by vitamin By limitation and never reaches a plateau, while the experimental data suggest
that T. pseudonana should have a similar growth rate in co- and mono-culture but reach a
lower final yield in co-culture. The R. pomeroyi growth curve shows high initial growth rates
until the 32-A time point and slower linear growth thereafter. The growth rate of iRpo1302

is slow throughout the simulation and does not reach a plateau (Figure 3.2).

Under the transcriptome-constrained conditions using the GIM3E algorithm, iRpo1302
did not excrete any form of B, despite taking up Co®** from the media to synthesize vi-
tamin By for its own biomass production. Results from the GIM3E algorithm are known
to be qualitatively but not quantitatively accurate [40], because the objective of minimiz-
ing the penalty reaction results in a flux distribution where only the most transcriptionally
upregulated reactions are used, eliminating flux through alternative pathways with less of
a transcription signal. Therefore, maximal aquacob(IIT)alamin production (‘EX_aqcobal_e’)
was fixed as a constraint and where iRpo1302 was forced to produce 0.0001 of the optimal
value.

In these simulated interactions, the growth of iRpol1302 is dependent on organic nitro-
gen and NH, as well as other sources of organic carbon and sulfur produced by iTps1426.
Changes in concentration of important 7. pseudonana biomass components were also mon-
itored in the simulation. Growth of iTps1426 is dependent on the biosynthesis and secre-
tion of aquacob(Ill)alamin by iRpo1302. In each simulation, iTps1426 secretes a variety
of different forms of reduced and organic nitrogen: NHy, urea, L-asparagine, L-aspartate,
L-histidine, L-alanine, L-glutamate, L-glutamine, glycine, L-leucine, L-serine, L-threonine,
formamide, urate, xanthine, choline, glycine betaine, UDP-N-acetyl-glucosamine, and folate
(Figure 3.3). Over the course of the simulation, iRpo1302 takes up all of these metabolites
except NHy, glycine, L-threonine, formamide, and folate. :{Rpo1302 does not include trans-

porters for L-threonine or folate, although it does include a transporter for the folate precur-
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Figure 3.2: Simulated growth curves of T. pseudonana in co-culture with R. pomeroyi in the absence
of vitamin By and in mono-culture with vitamin Bjs over a 16:8-hour light /dark cycle at 160 pmol

2

photons m~2 s™! in f/2 media. These simulations were compared to experimental data under the

same growth conditions. Experimental data was converted from cell concentration to biomass using
cellular dry weight measurements from ref. [41] and [42]. Experimental data points are plotted
with circles for R. pomeroyi and squares for T. pseudonana. Simulated and experimental data for
cells in co-culture are connected with thicker lines, and data for cells in mono-culture with thinner

lines.
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sors p-aminobenzoate and chorismate. In co-culture, iTps1426 produces the organic sulfur
compounds DHPS and DMSP. {Rpo1302 consumes both DHPS and DMSP and secretes the
metabolic byproducts of the DMSP cleavage pathway, CH4S, as well as an intermediate of
DHPS catabolism, 3-sulfopyruvate. Tetrathionate is also secreted by i{Rpol1302. ¢Tps1426
produces a variety of carbohydrates in co-culture including formate, glycolate, ethanol, and
acetate which is consumed by i{Rpo1302. In co-culture, there is also biosynthesis of triacyl-
glycerols (TAGs) by iTps1426.

In mono-culture there was increased nitrate and phosphate utilization, likely due to the
lack of growth-limiting conditions. 1,3-Glucan, a component of the carbohydrate storage
molecule chrysolaminarin, and chitin were produced more in mono-culture than in co-culture.
There is some utilization of membrane lipids and triacylglycerols in mono-culture. Many se-
creted metabolites reached a higher concentration in mono-culture, likely because they are
not consumed by iRpol1302, but there is also differential production of metabolites due to
transcriptional constraints and nutrient conditions. In mono-culture there are higher con-
centrations of L-asparagine, L-aspartate, L-histidine, L-alanine, L-glutamate, and L-leucine,
while in co-culture there are higher concentrations of L-glutamine, glycine, L-serine, and
L-threonine in the media. Additionally, there are higher concentrations of urea, UDP-N-
acetyl-glucosamine, folate, and DHPS in co-culture, but higher concentrations of formamide,

urate, xanthine, choline, and DMSP in mono-culture (Figure 3.3).

Many of the metabolites secreted in either condition are associated with differentially
regulated genes and had high z-scores in the previous analysis. After 8 i in culture, triacyl-
glycerols and lipids have high z-scores in the T. pseudonana network and are predominantly
associated with genes that are downregulated in co-culture; these metabolites are connected
to choline. Phosphatidylcholines are also relatively high scoring (though not in the 90"
percentile) and choline has a high z-score and appears to be associated with downregu-
lated genes in co-culture (Figure 3.1B). In the mono-culture simulation, there is degradation
of lipids and TAGs resulting in choline excretion (Figure 3.3). Homocysteine, S-adenosyl-

homocysteine (SAH), and adenosine, have a high z-score in the T. pseudonana network
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(Figure 3.1B). Homocysteine is a precursor to methionine and DMSP biosynthesis; SAH and
adenosine are connected to methyltransferase reactions and the regeneration of S-adenosyl-
methionine (Figure 3.4). If Bys-depletion is blocking methionine synthase and homocysteine
utilization, then DHPS may be secreted as an alternative to DMSP (Figure 3.3). DHPS
and its degradation products are some of the highest scoring metabolites in the R. pomeroyi
network (Figure 3.1A) and in metabolite measurements [7]. Similarly, the availability of
adenosine could result in an abundance of purines, which could be utilized in the synthesis
and excretion of UDP-N-acetyl-glucosamine, another high scoring metabolite (Figure 3.1B,
3.1C, Figure 3.4). The excretion of folate in co-culture could also arise as a response to
Bio limitation (Figure 3.3, Figure 3.4). Finally, many of the amino acids secreted in either

condition have high z-scores in all of the networks.
3.4 Discussion

In Chapter 2, I presented the genome-scale metabolic model of Thalassiosira pseudonana
CCMP 1335, a well-studied diatom that has been important in the field of marine micro-
biology for the last 60 years. Here, I reconstructed the genome-scale model of Ruegeria
pomeroyi DSS-3, a heterotrophic marine bacterium isolated from US coastal waters in 1998
using DMSP as a substrate. DSS-3 was sequenced in 2004 [43]; it is a member of the
Roseobacter clade and was found to grow on a variety of algal-derived metabolites as well
as inorganic compounds in seawater. Experimental work by ref. [7] has demonstrated that
R. pomeroyi can support the growth of T. pseudonana deprived of cobalamin. In return, 7.
pseudonana assimilates nitrate and provides a source of organic nitrogen that R. pomeroyi
can utilize for growth. Transcriptomics data showing the effects of interaction, coupled with
targeted measurement of metabolites, have demonstrated that the diatom produces an or-
ganic sulfur molecule, 2,3-dihydroxypropane-1-sulfonate (DHPS), which is catabolized by R.
pomeroyi [28]. Growth of the bacterium is likely supported by a variety of compounds in-
cluding sulfonates, sugar derivatives, and organic nitrogen [7]. T. pseudonana also exhibits

a transcriptional response in co-culture that may be analogous to plant recognition signal
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Figure 3.4: Diagram demonstrating the impacts of Bjs-dependent methionine synthase and

methylmalonyl-CoA mutase on diatom metabolism.
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cascades [7]. This trophic nutrient exchange may be emblematic of diatom-bacteria interac-
tions in parts of the ocean where diatoms are dependent on bacteria for cobalamin [19]. The
combined usage of transcriptomics and metabolomics is powerful and allows us to infer which
metabolites may be exchanged between organisms. The addition of network information and
genome-scale metabolic modeling simulations allows us to predict the changes in flux over

time and to understand the causes of metabolite excretion.

The metabolic network topology of i Tps1426 and {Rpol1302 was used to re-analyze tran-
scriptomics data from ref. [7]. Reporter metabolites are defined as those involved in reactions
associated with genes that are differentially regulated in the two treatment conditions. After
8 h in co-culture, reporter metabolites in the 7. pseudonana network carry the signature of
cobalamin limitation. In humans, vitamin Bis limitation is identified by high blood levels of
homocysteine and methylmalonic acid; it can also imitate the effects of folate deficiency due
to the role of methionine synthase in the folate cycle [44]. Some of the top reporter metabo-
lites (cobalamin, L-homocysteine, S-adenosyl-L-homocysteine) are part of the methionine
cycle, while other metabolites are by-products of the cycle or are involved in reactions that
require the cofactor S-adenosyl-L-methionine (Figure 3.4). Adenosine is a byproduct of
homocysteine formation from SAH, choline (a breakdown product of phosphatidylcholine)
is a precursor of glycine betaine which together with homocysteine forms dimethylglycine
and methionine. The compounds 30-nonaprenyl-4,5-dihydroxybenzoate (‘3npdhb_m’), 3-
nonaprenyl-4-hydroxy-5-methoxybenzoate (‘me3dhnpdh_-m’), 2-decaprenyl-3-methyl-5-hydroxy-
6-methoxy-1,4-benzoquinone (‘2npmhmobq_-m’), and 2-nonaprenyl-3-methyl-6-methoxy-1,4-
benzoquinone (‘me2np6mobq_m’) are metabolic intermediates of methyltransferase reactions
for ubiquinone biosynthesis catalyzed by enzymes with SAM as a co-substrate. 4-amino-2-
methyl-5-phosphomethylpyrimidine (‘4ampm _c’) is a metabolic intermediate in the biosyn-
thesis of thiamine from SAM. Other reporter metabolites are involved in reactions with folate
cofactors including glycine, L-serine, and dUMP. There are also reporter metabolites asso-
ciated with dysfunction of methylmalonyl-CoA mutase, including propanoyl-CoA, the odd
chain fatty acid heptanoyl-CoA, the valine degradation product 2-methyl-3-oxopropanoate,
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and the isoleucine degradation product 2-methyl-3-acetoacetyl-CoA. Many of the differen-
tially regulated genes of T. pseudonana in co-culture correspond to those that are regulated
by Biy [45].

For the R. pomeroyi metabolic network, reporter metabolites after 8 h in culture are
compounds identified in ref. [7] that T. pseudonana has excreted into the media and their
downstream catabolic products, sugar derivatives that could have been exopolysaccharide
components from the diatom, as well as metabolites that are more likely to be sources of
carbon for R. pomeroyi in mono-culture (CO, glycerol). Many of the reporter metabolites
that appear to transfer from the diatom to R. pomeroy:i could be the by-products of cobal-
amin limitation. When methylmalonyl-CoA mutase is inhibited, isoleucine and valine degra-
dation cannot proceed perhaps causing the diatom to excrete these amino acids. Although
N-acetyltaurine is not included in iTps1426 due to limited knowledge about its biosynthe-
sis, its precursor is likely cysteine, which could be available in excess in the diatom due to
the inhibition of methionine synthase. DHPS and its downstream catabolism products are
some of the metabolites with the highest z-scores in R. pomeroyi. DMSP biosynthesis may
be inhibited in T. pseudonana due to limited methionine availability, and DHPS excretion
may replace DMSP as a mechanism to rid the cell of excess sulfur (Chapter 2). UDP-N-
acetyl-glucosamine, a breakdown product of chitin, is one of the top differentially regulated
metabolites in R. pomeroyi. UDP-N-acetyl-glucosamine could be a source of nucleotides for
the bacterium, of which GTP is heavily involved in cobalamin biosynthesis.

After 56 in culture, the T. pseudonana reporter metabolites have less of a cobalamin lim-
itation signature, though SAM and SAH and some of their co-substrates are still high scoring.
Other high scoring metabolites include TCA cycle and branched chain amino acid intermedi-
ates. I hypothesize that this transcriptional pattern is indicative of recovery from cobalamin
limitation as metabolites that had accumulated previously are now being processed. Ref.
[7] found that many differentially regulated genes at this time point are analogous to the
plant signal recognition pathways and oxidative burst metabolism that is activated during

a pathogen attack. The metabolic signature of this response includes metabolites such as
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NADPH, O,, HyO5, and GTP. NADPH oxidase consumes Oy and produces superoxide rad-
icals that act as signals or can kill invading pathogens. Guanylate cyclase synthesizes the

secondary messenger cGMP from GTP in response to changes in intracellular calcium levels.

Some of the expected metabolic exchanges between T. pseudonana and R. pomeroyi
could be simulated using a combination of Bys-limiting conditions and transcriptional con-
straints. The excretion of DHPS and folate can be attributed to By limitation in ¢ Tps1426.
Ref. [7] postulated that the degradation of chitin and subsequent secretion of UDP-N-acetyl-
glucosamine could be a defensive response against bacterial attachment to the diatom frus-
tule. An alternative explanation emerging from this work is that Bis-limitation resulted in
a buildup of dUMP, for which the production of UDP-N-acetylglucosamine is a sink (Figure
3.4).

Traditional models of marine biogeochemistry are low resolution when it comes to biology.
Only recently have we begun to distinguish between the roles of different phytoplankton [46].
The development of genome-scale models for representative marine microorganisms may
be key to increasing the biological resolution of ecosystem models down to the molecular
level. To date, four genome-scale models of marine microorganisms have been developed,
including Phaeodactylum tricornutum CCAP 1055/1 [47], Prochlorococcus marinus MED4
48], Dinoroseobacter shibae DFL12T [49], and Pseudoalteromonas haloplanktis TAC125 [50].
To this pool I have added two more models, Thalassiosira pseudonana CCMP 1335 (Chapter
2), a well-studied diatom that is auxotrophic for vitamin By, and Ruegeria pomeroyi DSS-3,
a Bio-producing member of the Roseobacter clade that is known to consume a broad range
of algal-derived metabolites. Modeling the interactions of key players in different marine
biomes at the genomic level could provide more accurate predictions of dissolved organic

matter characteristics and residence times in the ocean.
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3.5 DMaterials and methods

3.5.1 Reconstruction and curation of an R. pomeroyi model

A model (iRpol1302) of Ruegeria pomeroyi DSS-3 was generated using a previously recon-
structed model of Rhodobacter sphaeroides 2.4.1 [26] as a template. The R. pomeroyi pro-
teome [43] and updated annotations [36] were downloaded from Roseobase (http://www.roseobase.org).
The R. sphaeroides proteome was downloaded from NCBI (acc no.: NC_007493.2). The
metabolite and reaction IDs in iRsp1140 were converted into BiGG IDs [51], and OrthoMCL
[52] was used to identify orthologous gene clusters for these two organisms. Reactions in
1Rsp1140 that contained gene orthologs in R. pomeroyi were retained, and reactions with no
gene orthologs were deleted. In keeping with BiGG convention [51], reactions and metabo-
lites in iRpol1302 were assigned to three different compartments: cytosol (‘c’), periplasm
(‘p’), or extracellular (‘¢’). These assignments were retained from iRspl1140 where gene
orthologs were detected. The guidelines from an established genome-scale reconstruction
protocol were used to implement and refine iRpol1302 [53]. The gene annotations from
Roseobase were used to verify gene-protein-reaction associations and detect missing genes,
reactions, and pathways. The annotations were also used to verify or edit cofactor usage
in each R. pomeroyi reaction, and the BiGG database (http://bigg.ucsd.edu) was used to
determine the likely reaction direction from other bacterial models. When cofactor-binding
annotations were ambiguous, BRENDA and BiGG were used to look for the most common
cofactor usage or the 1Rsp1140 reaction was retained.

A biomass objective function was developed for iRpol1302 using biomass composition
measurements from the literature and from data derived from the genome sequence. The
biomass reaction constitutes DNA, RNA, protein, phospholipids, and a soluble pool of
polyamines and cofactors (Supplementary Data Set C.3). Measurements derived from the
literature were typically taken from continuous culture conditions where R. pomeroyi was

carbon-limited.

Dead-end metabolites were identified as metabolites that were only present in blocked


http://www.roseobase.org
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reactions; blocked reactions were identified from the flux analysis module in COBRApy and
the gapfilling module was used to identify gaps in the network [54]. Gaps were filled if a
gene for the missing reaction could be identified, if there was physiological evidence in the
literature that the reaction exists, if the majority of the pathway was otherwise present
in the model, or if the reaction was required to produce biomass. Demand reactions from
1Rsp1140 were carried over into tRpo1302 if synthesis of those metabolites were maintained.
The non-growth associated ATP maintenance (NGAM) cost calculated for R. sphaeroides
in low light conditions [55] were used in iRpo1302.

The iRpo1302 model was tested for growth on the substrates studied in refs. [56, 57,
30, 31, 32, 33, 58, 28]. If i1Rpo1302 did not grow, the reaction network was examined and
corrected. iRpol302 was tested for Type III pathways [53] with ExPa [59], using a Python
script modified from ref. [60]. Extreme pathways were resolved either by investigating the
evidence for the existence of each reaction, or reaction direction. ¢Rpol302 is available in
SBML format in the supplementary material (Supplementary File C.1) and will be deposited
in the BioModels database.

3.5.2  Transcriptional requlation of metabolism

RNA-seq data from ref. [7] was downloaded from NCBI (acc no.: PRJNA261079). Tran-
scripts from each sample were quantified with kallisto, a program that pseudoaligns reads to
reference genes [61], and sleuth [62] was used to calculate p-values, logo(FC + 0.5), and me-
dian transcripts per million for each gene. P-values for each gene were converted to z-scores
using the inverse normal cumulative distribution of 1-p. The network topology of iRpo1302
and ¢Tps1426 was used to identify highly regulated (aka reporter) metabolites [37]. Highly
regulated metabolites are defined as compounds around which transcriptional changes are
most likely to occur.

To calculate the z-score of each metabolite, the network was represented as a metabolic
graph where metabolites and genes are nodes, and the edges represent the link between

enzymes catalyzing a reaction and the metabolites involved. The z-score of each metabolite
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Zmet Was calculated as:
1
Limet = —= Y  Lni 3.1
=7y 3.)

where k is the number of neighbouring enzymes and Z,; is the z-score for neighbouring
enzymes of a metabolite. These scores were corrected for the background distribution of
the network by randomly choosing 100 sets of k£ enzymes from the metabolic graph and
calculating the mean and standard deviation of £ enzymes. The resulting noisy distributions
were smoothed with the UnivariateSpline function from the SciPy package (similar to ref.
[63], Supplementary Figure C.1) and each z-score was corrected by subtracting the mean
and dividing by the standard deviation for k£ enzymes. Networks of metabolites with scores

in the top 90" percentile were plotted with their associated genes.

3.5.8 Transcriptomics constraints on metabolism

Condition-specific models constrained by the available transcriptomic data were created [7].
The T. pseudonana model (iTps1426) discussed in Chapter 2 and the R. pomeroyi model
(iRpo1302) developed in this study were constrained with transcriptomics data for the 8-h
and 56-h time points to create separate models for growth in co-culture or in diatom mono-
culture with the addition of Bjy. The GIM3E (Gene Inactivation Moderated by Metabolism,
Metabolomics and Expression) algorithm [39] was used to add penalty coefficients to each
reaction in proportion with the level of transcription associated with the genes responsible
and to create a mixed integer linear programming problem (MILP) that would make the
models irreversible. The GIM?E module was built for an outdated version of COBRApy
and had to be updated to work with COBRApy 0.13.4 (Supplementary File C.1). In the
original GIM3E algorithm, reactions without an associated gene did not receive a penalty
coefficient and as a result condition-specific models preferentially utilized reactions that
were unannotated. The algorithm was modified by adding a penalty coefficient to reactions
without an associated gene by calculating the mean penalty coefficient for the model and

then adding this number to those reactions, unless they were known to be spontaneous,
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exchange, demand, sink, or biomass production reactions. All transport reactions were given
the mean penalty coefficient because our confidence in their associated gene annotation is

quite low.

3.5.4  Dynamic Fluxr Balance Analysis

The dynamic Flux Balance Analysis method discussed in Chapter 2 was used to simulate
interaction between GIMPE constrained models or to simulate GIM?E constrained growth of
1Tps1426 in mono-culture. Growth simulations of i{Rpo1302 and :Tps1426 were performed

2 ¢! in f/2 medium in the

under a 16:8-hour light/dark cycle at 160 pmol photons m™
presence or absence of cyanocob(Ill)alamin (vitamin Bjy). The growth period was divided
into seventy 4-h intervals, and steady state was assumed for each time interval so that
Flux Balance Analysis (FBA) could be used to solve for the growth rate and reaction flux
distributions in each organism for every 4-h. The medium was initialized with a concentration
of 1,3-glucan representing 23% of initial biomass [64], a concentration of chitin representing
15% of initial biomass [65, 66], and a concentration of lipids and TAGs representing 13% and
2% of initial biomass [42]. Each growth simulation was initialized with the cell concentrations
of T. pseudonana and R. pomeroyi measured in ref. [7]. The growth simulation of i Tps1426
+ B, was initialized with a biomass concentration of 4.35-10=% gDW L', or 33,477 diatoms
mL~! using the cell dry weight conversion from ref. [42] for cells grown at 100 ymol photons
m~2 s7! on continuous light harvested during logarithmic phase (13 pg cell™!). The growth
simulation of ¢ Tps1426 + iRpo1302 in co-culture was initialized with a biomass concentration
of 3.53-107% gDW L~ for i Tps1426, or 27,116 diatoms mL~!, and 9.22-10~* gDW L~! for
iRpo1302, or 2,030,908 bacteria mL~" using the cell dry weight conversion from ref. [41] for
cells grown at steady state in C-limited media (0.454 pg cell™).

Light limitation due to self-shading was implemented using the method discussed in
Chapter 2. The 300-mL tissue culture flask used in refs. [28, 7] had a surface area that was

approximately 0.0225 m?. O, production fluxes for iTps1426 were constrained for each slice

of culture volume during the light period using experimental values from the photosynthesis-



122

irradiance curve for cells acclimated to 200 umol photons m~2 s™! published in ref. [67] using

Platt fitting parameters [68].

. ) _ (70400355'1) . ) mgchl a/cell
NPP = (0775 (1 - eTom)) — 0.13) <9DW/C€” (3.2)

The compensation light level (at which net Oy production (NPP) = 0) was calculated to be
40.25 pmol photons m=2 s7!. The lower bound of the sum of CO, and HCO3 uptake was
constrained with gross primary productivity values for cells acclimated to 200 pmol photons

m~2 57! [67].

—0.0028-1

—1%0.605- (1 — e 0005 ) - (mgchla/c‘e”

< EX _co2.e+ EX _hco3_ .
DWW el ) < co2_e + co3_e (3.3)

After each time point, the concentration of O,, HCOj3, and CO, was re-equilibrated with the
atmosphere so that concentrations remained constant (well-mixed).

During the light phase, i Tps1426 was constrained with the photorespiration constraint de-
termined in Chapter 2. The upper bound of the biomass demand reaction (‘DM _biomass_c’)
was constrained with the maximum measured growth rate from ref. [7]. The bounds of
the tRpo1302 biomass demand reaction (‘DM_biomass_c’) were constrained with the min-
imum and maximum measured growth rates from ref. [7] and aquacobalamin production
(‘EX_aqcobal_e’) was set to 0.0001 of optimum. The penalty reaction is a demand reaction
for all the penalty coefficients and ¢ is the minimized penalty reaction value [39] given the
model constraints. The lower bound of the penalty reaction was constrained to ¢/1.1 and
the upper bound was constrained to ¢*1.1. In the last step the biomass demand reaction
was maximized. During the dark phase, the chlororespiration constraint was included (see
Chapter 2), the lower bound of cyclic electron flow (‘CEF_h’) was set to zero, and the ATP
maintenance reaction (‘ATPM _c¢’) was optimized in i Tps1426. The iTps1426 penalties were
not constrained in the dark. Parsimonious Flux Balance Analysis (pFBA) was used to min-
imize the absolute sum of fluxes and achieve a single solution. The iRpo1302 model was
treated the same as during the light period. Prior to the 36-h time point, the 8-h transcrip-

tomic data were used to constrain i Tps1426; while the 56-h transcriptomic data was used
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after 32 h. For {Rpol302, the 8-h transcriptomic data were used for the entire simulation.

The GLPK solver was used to solve each mixed integer linear programming problem with

an error tolerance of 1le — 6.
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CONCLUSION

Planetary elemental cycling is driven by geological acid-base chemistry and biological
reduction-oxidation reactions [1]. The end products of one metabolic pathway becomes
the substrate for another; in this way, synergy between oxidative and reductive pathways
is the basis of biochemical cycling. In fact, oxidoreductase genes are able to differentiate
communities of different microbes much more effectively than taxonomic markers or any
other enzyme category [2]. When segregated in different organisms, redox reactions are the
foundation of microbial interactions, and are in some ways analogous to energetic coupling

between the plastid and mitochondria.

Photosynthesis evolved ~3 billion years ago and oxidized the planet [3]. It is the only
energy-generating pathway that does not depend on pre-formed chemical bonds [1]. In
oxygenic photosynthesis, light energy oxidizes water, releasing electrons and protons that
serve to reduce inorganic C, N, P, and S. Photosynthetic cells can complete the redox cycle
by respiring reduced compounds, or excrete them into the environment, providing food for

heterotrophs.

Genome-scale metabolic modeling demonstrates the importance of redox balance, partic-
ularly for photosynthetic organisms dealing with high energy inputs from light. The effects
of photosynthetic metabolism likely impact the diversity of compounds produced by diatoms
and consumed by marine heterotrophic microbes. In turn, nutrient-limitation and nutrient
source can potentially be controlled by marine bacteria, impacting the physiology of diatoms.
Flux Balance Analysis has the potential to link molecular data to ecosystem processes — al-
lowing for greater biological complexity and more realistic outcomes from ecosystem models.
My hope is that the genome-scale metabolic models developed in my work can be further

refined and improved over time, and that models for other representative marine microbes
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may be developed in the future.
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Croceibacter pathway

Amino acids

Beta-alanine
Alanine
Isoleucine
Valine
Leucine
Glutamate
Glutamine
Aspartate
Asparagine
Arginine
Citrulline
Ornithine
Homocysteine
Homoserine
Serine
Cysteine
Selenocysteine
Methionine
Glycine
Threonine
Lysine
Phenylalanine
Tyrosine
Tryptophan
Proline
arginine degradation VI (arginase 2 pathway)
Histidine
Thiamine (vit. Bl

Riboflavin (vit.
Nicotinic acid (vit.
Pantothenic acid (vit.
Pyridoxine (vit.
Biotin (vit.
Folic acid (vit. B9)
Bi2)

p-Aminobenzoic acid

Cyanocobalamin (vit.

Inorganic nutrients
Ammonia
Nitrate
Phosphate
Sulfate

alanine biosynthesis I11

isoleucine biosynthesis I (from threonine)

valine biosynthesis

leucine biosynthesis

glutamate biosynthesis I, II, III, IV, V

glutamine biosynthesis I, I (tRNA-dependent), ITT
aspartate biosynthesis

asparagine biosynthesis I, II, IIT ({RNA-dependent)
arginine biosynthesis I, II (acetyl cycle)

citrulline biosynthesis

ornithine biosynthesis

homoserine biosynthesis

serine biosynthesis

cysteine biosynthesis I

selenocysteine biosynthesis II (archaea and eukaryotes) (partial)
methionine biosynthesis I (partial), II (partial)
glycine biosynthesis I, II, III, IV

threonine biosynthesis from homoserine

lysine biosynthesis IV

phenylalanine bioysynthesis

tyrosine biosynthesis IT, III, IV

tryptophan biosynthesis (partial)

proline biosynthesis I, ornithine degradation I,
proline biosynthesis I, arginine degradation VI (arginase 2 pathway)

histidine biosynthesis (partial)

thiamin diphosphate biosynthesis IV (eukaryotes)

flavin biosynthesis I (bacteria and plants)

NAD biosynthesis I (from aspartate) (partial)
phosphopantothenate biosynthesis I

pyridoxal 5’-phosphate biosynthesis I (partial)

biotin biosynthesis from 8-amino-7-oxononanoate I (partial)
tetrahydrofolate biosynthesis

p-aminobenzoate biosynthesis (partial)

ammonia assimilation I, IT, TIT
nitrate reduction II (assimilatory)
phosphate acquisition

sulfate reduction I, II, III (assimilatory)

beta-alanine biosynthesis 11

glutamate biosynthesis I, IT, III, IV, V, arginine degradation I
glutamine biosynthesis I

aspartate biosynthesis

asparagine biosynthesis I, IT

homocysteine biosynthesis

homoserine biosynthesis

serine biosynthesis (partial)

cysteine biosynthesis I (partial)
methionine biosynthesis II (partial)
glycine biosynthesis I, 1T

threonine biosynthesis from homoserine
lysine biosynthesis IV (partial)
phenylalanine bioysynthesis

tyrosine biosynthesis IV

tryptophan biosynthesis

histidine biosynthesis

thiamin diphosphate biosynthesis I/11

flavin biosynthesis I (bacteria and plants)

NAD biosynthesis I (from aspartate) (partial)
phosphopantothenate biosynthesis I (partial)
pyridoxal 5-phosphate biosynthesis I

biotin biosynthesis from 8-amino-7-oxononanoate I, IT
tetrahydrofolate biosynthesis

p-aminobenzoate biosynthesis

ammonia assimilation I, II, TIT
phosphate acquisition

sulfate reduction I, II, III (assimilatory) (partial)

Table A.2: Complementary and competing metabolisms in Croceibacter atlanticus and Thalas-

stosira pseudonana
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Figure A.1: Epifluorescence micrographs of P. multiseries GGA2 and P. fradulenta OC1 (left/right)
in the absence (top row) or presence (bottom row) of C. atlanticus HV2. Diatom plastids autoflu-
oresce red, SYBR Green-stained DNA from the diatom nucleus and the bacteria fluoresce green;

diatom-attached bacteria are indicated with arrows.
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o T. pseudonana in co—culture + spent marine broth (centrifuged)
e T. pseudonana in co—culture + spent marine broth

A Unattached C. atlanticus + spent marine broth (centrifuged)
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Figure A.3: There is no effect of the centrifugation washing process on the growth of C. atlanticus
and its impact on 7. pseudonana. Symbols mark the mean of diatom and unattached bacterium
cell concentration (circles, triangles) in co-culture. C. atlanticus cells were either centrifuged twice
at 3,220x g for five minutes at 10°C or added directly to T. pseudonana cultures (grey, black; n = 3
biological replicates + 1 standard deviation; note that many s.d. bars are smaller than the symbol

size).
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Figure A.4: Cell concentrations of T. pseudonana and Aquil-washed C. atlanticus after five days in
co-culture (n = 2). Co-cultures were supplemented with essential amino acids, non-essential amino

acids, a mix of both, or nothing.

Figure A.5: Light microscopy images of T. pseudonana demonstrating the impact of C. atlanticus

on diatom morphology. Fields were arbitrarily selected from a single sample of each treatment at

one time point.
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(d) T. pseudonana versus T. pseudonana +

Aquil-washed C. atlanticus.

Figure A.6: Box-and-whiskers plots showing change in T. pseudonana cell forward scatter, side

scatter, and red fluorescence distributions over time. Coloured boxes represent co-culture treat-

ments and white boxes represent control treatments (n = 3). Asterisks mark the first day where the

Wilcoxon Rank Sum test detected a significant difference between populations. Outliers noted in

the Material & Methods section were retained in these plots to show their effect, but were removed

from statistical analysis.
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CHAPTER 2

Data Set B.1: Table of reactions and metabolites and references in i Tps1426
Data Set B.2: Biomass composition calculations and references for Thalassiosira pseudonana

Data Set B.3: Constraint calculations and references

File B.1: ¢Tps1426 in SBML format
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Figure B.1: The relative contribution of different oxygen-consuming reactions to respiration during
simulated growth of i Tps1426 in Aquil at 100 pmol photons m~2 s~!. Respiration reactions in the

plastid are blue, reactions in the mitochondria are red, and all other oxygen-consuming reactions

are white.
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Figure B.2: Simulated fluxes of urea (‘EX_urea_e’, blue), DMSP (‘EX_dmsp_e’, yellow), and DHPS
(‘EX_dhps_e’, yellow) over the course of the simulated growth experiments at 100 pmol photons
m~2 s~! in nutrient-replete Aquil (A), nutrient-replete modified Aquil where NO3 was replaced
with NHy (B), NOs-limited Aquil (C), and POy-limited Aquil (D). The lighter colour shows the

fluxes for the first slice of the culture, which is never subjected to self-shading, while the darker

colour shows the sum of all fluxes for that compound at that time point.
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Data Set C.1: Table of reactions, metabolites, and references for iRpo1302

Data Set C.2: File showing metabolite z-scores, logs(fold-change), and p-values from metabo-
lite measurements in ref. [1]

Data Set C.3: Biomass composition calculations for tRpo1302

File C.1: 1Rpo1302 in SBML format
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Figure C.1: Mean (red) and standard deviation (blue) of z-scores for randomly sampled sets of
enzymes with k neighbours, smoothed with a univariate spline (black line). Z-scores were cal-
culated for each enzyme in the genome-scale networks of R. pomeroyi and T. pseudonana using

transcriptomics data comparing growth in co-culture versus mono-culture after 8 A and 56 h.
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