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ABSTRACT

The photosynthetic conversion of CO, into organic matter by phytoplankton sustains ma-
rine food webs, influences the long-term burial of atmospheric carbon, and underpins many
other critical Earth system processes. Seasonal phytoplankton blooms in the Southern
Ocean contribute to a large portion of global phytoplankton metabolism, but are substan-
tially limited by low iron availability and cold temperatures. In this thesis, I investigate
how changes in iron and temperature influence Southern Ocean phytoplankton metabolic
processes and explore implications for marine primary productivity and biogeochemistry.
I first conducted laboratory culture experiments using a model Southern Ocean diatom to
examine the effects of iron and temperature on growth rates and physiology. I found an
interactive iron-temperature relationship, where warming decreased iron demand in this
species, allowing cells to maintain half maximal growth at lower iron concentrations. |
then used metatranscriptomic data from field experiments in the Ross Sea to ask questions
about the cellular mechanisms that underpin enhanced growth under warming and low
iron. I found that some diatom taxa grow better under warmer low-iron conditions due
to their ability to use iron-conserving metabolic processes, thereby reducing cellular iron
demand. Lastly, I combined metaproteomics with elemental measurements from two differ-
ent shipboard experiments in the Weddell Sea to examine how iron and temperature-driven
changes in phytoplankton growth could influence ecological and biogeochemical processes.
Consistent with the previous laboratory and field experiments, here concurrent warming
and increased iron availability amplified phytoplankton growth and nutrient consumption.
I also identified taxon-specific and community-wide proteomic characteristics that connect
phytoplankton growth and physiology with the stoichiometry of macro and micro-nutrient
consumption. In sum, the findings presented in this thesis show that iron and temperature
interactively affect phytoplankton growth through specific cellular mechanisms that have

consequences for primary productivity and elemental stoichiometry in a changing ocean.
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CHAPTER 1

INTRODUCTION

Phytoplankton are a diverse group of tiny photosynthetic organisms that inhabit the sunlight
layers of the oceans. They contribute to half of global primary productivity (Field et al.,
1998) and assimilate dissolved carbon (C), nitrogen (N), phosphorus (P), and other elements
into their cells as particulate matter. By doing this, phytoplankton fuel higher trophic levels,
influence elemental cycling in the ocean (Arrigo, 2005), and contribute to the export and
long-term storage of atmospheric carbon in the deep ocean (Eppley and Peterson, 1979;
Volk and Hoffert, 1985). Our descriptions of marine ecosystems, biogeochemical cycles,
and many important Earth processes therefore hinge on understanding phytoplankton

biology and ecology.

Light, nutrients, and thermal energy (temperature) are among the primary factors that
influence phytoplankton growth in the ocean. Light provides energy for photosynthetic
carbon fixation, nutrients are used for constructing cellular building blocks (proteins, lipids,
nucleic acids etc.), and temperature regulates particle movement and enzymatic reaction
rates. While each of these drivers can be studied in much detail through many different
lenses, in this thesis I focused specifically on the micronutrient iron and temperature. Both
iron availability and temperature are important drivers of phytoplankton growth that are
predicted to change in future oceans (Boyd et al., 2015b). Here, I examined how these
drivers interactively affect phytoplankton growth, metabolic processes, and elemental

stoichiometry.



1.1 Iron, temperature and phytoplankton growth

Iron — Advancements in ultra-clean research methods over the last few decades have
shed light on the importance of trace metals for phytoplankton metabolism, and their
influence on ocean biogeochemistry (Sunda, 2012). Iron is one of the most abundant trace
metals within phytoplankton cells due to its use in several critical metabolic processes
such as photosynthesis (e.g. PSI, PSII, electron transport proteins), nitrogen fixation
(e.g. nitrogenase), nitrogen assimilation (e.g. nitrate reductase) and oxidative stress
management (e.g. iron-superoxide dismutase) (Schoffman et al., 2016; Sunda, 1989;
Raven et al., 1999; Twining and Baines, 2013; Raven, 2013b). Despite its high requirement
within phytoplankton, iron is largely insoluble in the contemporary ocean and its supply
to ocean microbes is often less than demand. This makes iron a limiting nutrient in
approximately 30% of the world’s oceans, including in regions like the Equatorial Pacific
and the Southern Ocean (Martin and Fitzwater, 1988; Martin et al., 1990, 1991; Behrenfeld
et al., 1996). These iron-limitted regions are typically characterized by an excess of
macronutrients relative to the amount of biomass that could be assimilated using these

macronutrients, and are referred to as high nutrient-low chlorophyll (HNLC) regions.

Many phytoplankton taxa can use various mechanisms to mitigate periodic or chronic
iron limitation. They can reduce cellular iron demand by optimizing their photosynthetic
architecture (Strzepek et al., 2011, 2012, 2019) or by replacing iron-containing proteins
with non-iron requiring functional homologs. For example, some phytoplankton groups
can substitute iron-containing ferredoxin with flavodoxin (LaRoche et al., 1996; Pankowski
and McMinn, 2009b), cytochrome c¢ with plastocyanin (Peers and Price, 2006), or iron-
superoxide dismutases (SOD) with manganese-SOD (Peers and Price, 2004). There is also
evidence for increased expression of iron uptake proteins under iron limitation (Morrissey
et al., 2015; Kazamia et al., 2018; McQuaid et al., 2018; Behnke and LaRoche, 2020), and

use of iron luxury uptake and storage when iron is abundant (Marchetti et al., 2009).

Temperature — Thermal energy, or temperature, exerts direct and indirect control over
phytoplankton metabolism and growth. Temperature regulates the kinetics of particle
movement, which ultimately controls enzymatic reaction rates. This influences metabolic
processes like carbon fixation (e.g. RuBisCO turnover rates) (Jordan and Ogren, 1984;

Young et al., 2015), protein translation rates (Farewell and Neidhardt, 1998), nutrient



diffusion and uptake (Reay et al., 1999; Gao et al., 2000), and eventually growth rates
(Eppley, 1972). Temperature also affects the physical properties of macromolecules, such
as phospholipid membrane fluidity and protein structure stability, which leads to changes

in their functional qualities and biochemical kinetics.

Phytoplankton acclimate to temperature changes by using a variety of physiological
and morphological mechanisms, which ultimately influence their elemental composition,
and their success in the environment (Zinser et al., 2007; Rose et al., 2009; Lomas et al.,
2021). For example, phytoplankton can reduce ribosomal protein investment to compensate
for increased translation efficiency under warming (Toseland et al., 2013), or decrease
their cell size possibly to increase buoyancy in warmer less dense water, and to increase

nutrient uptake due to enhanced surface area:volume ratio (Atkinson et al., 2003).

Indirectly, changes in ocean temperature can influence other environmental conditions
like ice formation/melting and water column stratification (Li et al., 2020). This could lead
to cascading effects on nutrient availability, sunlight exposure, grazing pressures, etc. I did

not investigate these secondary effects in this thesis.

Iron-temperature interactions — Iron and temperature are typically considered as
independent, multiplicative factors in most current marine ecosystem models that are
embedded in coupled carbon—climate Earth system models (Laufkotter et al., 2015). That
is, a change in temperature does not affect how iron influences phytoplankton growth, and
vice versa, in models that seek to understand how phytoplankton impact global climate
and other key biogeochemical processes. Yet, temperature has the potential to impact how
cells use iron. For instance, temperature impacts the reaction rates of many iron-containing
enzymes (see review by Hutchins and Safiudo-Wilhelmy (2022)), which may influence how
iron is used within phytoplankton cells. Warming generally increases the turnover rates
of iron-containing enzymes (until optimum), which can increase their iron use efficiency
(IUE). It can then be inferred that fewer iron-containing enzymes, and ultimately less iron,
may be needed to achieve equal or even increased activity under warming. This idea was
recently tested in two N-fixing cyanobacteria (Trichodesmium and Crocosphaera), which
allocate a major portion of their intracellular iron pool to temperature-sensitive N-fixing
enzymes. These studies showed that warming increased the amount of fixed N per amount

of iron. That is, warming increased cellular IUE, and led to decreased iron:N stoichiometry



(Jiang et al., 2018; Yang et al., 2021). By enhancing the IUE of nitrogen fixation, warming
may then influence the stoichiometry of nutrient supply in the marine environment, which

in turn influences phytoplankton biology and ecological processes.

In contrast to nitrogen fixers, a major portion of the iron pool within non-diazotrophic
phytoplankton is found in temperature-insensitive photosynthetic proteins, with some
iron used in temperature-sensitive enzymes (Raven et al., 1999). This suggests that there
may be a marked difference in how temperature influences iron:nutrient stoichiometry
in the different cellular constituents of these phytoplankton. For example, the IUE of
nitrate uptake and assimilation may increase under warming due to the temperature
sensitivity of the enzymes involved in this process —such as nitrate reductase (Kudo et al.,
2000; Gao et al., 2000; Di Martino Rigano et al., 2006). Warming might contribute to
a reduction in iron:N by increasing the amount of N taken up by the cell (Reay et al.,
1999), or by decreasing the number of iron-containing N assimilation proteins, or both.
The IUE of carbon fixation may remain constant under warming, given that the iron-
containing proteins involved in photosynthesis (e.g. proteins in light-dependent reactions)
are generally temperature insensitive (Raven and Geider, 1988). This could contribute to
a stable iron:C as more iron-containing temperature-insensitive proteins may be needed
to match the increased turnover rate in light-independent photosynthetic reactions (e.g.
RuBisCO turnover rates). With ocean temperatures changing at rates faster than originally
predicted by climate models (Cheng et al., 2019), and changes in iron availability predicted
for many ocean regions (Boyd et al., 2015b), an important question arises: How do changes
in both iron and temperature influence phytoplankton growth and subsequent ecological
and biogeochemical processes? In this thesis, I explored this question specifically from the

perspective of the Southern Ocean.

1.2 Southern Ocean

The Southern Ocean is the oceanographic region that surrounds the Antarctic continent and
is a site where both iron and temperature play critical roles in controlling phytoplankton
growth. Here, old deep water from other ocean basins is upwelled, supplying the region
with high concentrations of nutrients that drive primary productivity. A portion of this

water is then subjected to winter cooling and increased salinity through brine rejection



when ice is formed, which increase density and cause this water to sink into the Antarctic
Bottom Waters. This drives the export of carbon and other nutrients that are assimilated by
surface microbial communities into the deep ocean. The other portion of this upwelled
water flows northward, where it delivers the remaining unconsumed nutrients to lower
latitudes. Through this conveyor belt, the Southern Ocean plays a vital role in global ocean
circulation and influences oceanic nutrient distribution, carbon export, and Earth’s climate

(Fig. 1.1) (Murphy et al., 2021; Meijers et al., 2023).

In the Southern Ocean, wind-driven deposition of iron-rich dust is especially low
(Jickells et al., 2005; Mahowald et al., 2005), and sediment/shelf release of iron is con-
strained to coastal regions (Moore and Braucher, 2008). Further, iron supply to the surface
after deep winter mixing is counteracted by detrainment and precipitation (Tagliabue
et al., 2014), which reduce the iron:macronutrient ratio in upwelled water. This causes the
available iron at the surface to be quickly consumed by microbial communities without
sufficient replacement from other sources. As a result, phytoplankton growth in much of
the Southern Ocean becomes largely iron limited, leaving behind high concentrations of
unused macronutrients at the surface. This makes the Southern Ocean the largest HNLC

region in the world, spanning approximately 20 million km?.

The Southern Ocean can be divided into several geographic sectors / ecological
provinces. These mainly include the West Antarctic Peninsula, Weddell Sea, South Indian
Sector, Ross Sea, and Amundsen Sea. The Ross Sea and the Weddell Sea are the most
productive regions in the Southern Ocean, contributing to annual primary production of 503
Tg C year! and 477 Tg C year! respectively (Arrigo et al., 2008). This is approximately
half of all annual primary production in the region. Within the Weddell Sea, the Weddell
Gyre sustains high levels of primary productivity and plays an important role in deep
water formation, thereby influencing the flow of heat, nutrients, and carbon throughout
the world’s oceans (Vernet et al., 2019; Moreau et al., 2023). In the Ross Sea, McMurdo
Sound receives relatively high aeolian dust deposition (compared to other Southern Ocean
regions) and experiences deep mixing, which provide favorable conditions for intense

seasonal phytoplankton blooms (de Jong et al., 2013).

Both iron availability and temperature are predicted to change across the Southern

Ocean over the next century, but there still remains large model uncertainties and substantial



variability in how different Southern Ocean regions will experience the effects of a changing
climate (Turner et al., 2005; Boyd et al., 2015b; Tagliabue et al., 2016; Moore et al., 2018).
For example, warming by 0.5-2 °C is predicted to occur in the Ross Sea surface waters by
2100 (Moore et al., 2018; Boyd et al., 2015b), but little warming is expected to occur at the
Weddell Sea surface (Strass et al., 2020). However, rapid warming of Weddell Sea deep
water has been observed, which can have large implications for nutrient export and global
ocean circulation patterns (Strass et al., 2020). Projections of iron supply remain uncertain
(Tagliabue et al., 2016), but a general trend of increasing iron availability throughout the

Southern Ocean is predicted (Boyd et al., 2015b; Moore et al., 2018; Henley et al., 2020).

Various phytoplankton groups including many diatoms species and Phaeocystis sp.
have adapted to grow in the Southern Ocean, and bloom in large amounts, with high spatial
and temporal variability, during the spring and summer months when light and temperature
are conducive to growth. Phytoplankton blooms in the Southern Ocean alone contribute
to a quarter of all oceanic primary production and carbon uptake, and are therefore an
integral component of ocean metabolism and biogeochemical cycling (Takahashi et al.,
2002). Changing environmental conditions in the Southern Ocean will inevitably influence
phytoplankton community composition, primary productivity, and ultimately nutrient and
carbon export in the region. It is now more important than ever to examine how Southern
Ocean phytoplankton could respond to change, and to understand how this may influence

ecological and biogeochemical processes at regional and global scales.

1.3 Phytoplankton research in the omics era

Our understanding of phytoplankton has improved tremendously since early descriptions
by Haeckel and Leeuwenhoek (Haeckel, 1904; Dobell, 1932). Over the last two cen-
turies, researchers and explorers have passively and purposefully studied phytoplankton
in the field and in laboratories. New technological advances were embraced, and a large
toolbox of instrumentation, workflows, and analyses became a central part of biological
oceanography. Some of these tools include fluorometry (Holm-Hansen et al., 1965; Krause
and Weis, 1991), flow cytometry (Trask et al., 1982), remote sensing (Blondeau-Patissier
et al., 2014), advanced imaging (Engel et al., 2015; Kraft et al., 2022), and cell culturing

methods (Andersen, 2005), to name a few. As more and more data accumulated, various



models of phytoplankton growth and ecology began to emerge, placing phytoplankton as a
central component of global primary productivity and other ecological and biogeochemical

processes.

The advent of high-throughput DNA sequencing allowed us to better understand the
evolutionary origins of phytoplankton, and to explore taxonomic and functional diversity
within the ocean at an unprecedented scale (Louca et al., 2016; Delmont et al., 2022).
We now have large collections of assembled and functionally annotated transcriptomes
from many marine eukaryotes (Keeling et al., 2014), and fully sequenced genomes of
several phytoplankton species (Armbrust et al., 2004; Mock et al., 2017), allowing for
molecular and gene manipulation studies. Transcriptome sequencing methods, which
generally measure gene expression at the mRNA level, have been pivotal in helping us
understand complex cellular pathways, and in examining how different genes/cellular
processes are used by phytoplankton (e.g. Allen et al. (2008); Marchetti et al. (2012);
Moreno et al. (2018)). However, the relationship between gene expression at the transcript
level (e.g. mRNA abundance) and functional protein abundance is complex and often lacks
a clear correlation (Liu et al., 2016; Cheng et al., 2018). This makes transcriptomic studies

difficult to connect directly with cellular and ecosystem processes.

Mass spectrometry-based proteomics workflows are becoming increasingly common
for measuring gene expression at the protein level (Han et al., 2008; Hettich et al., 2013;
Nunn et al., 2013; Saito et al., 2019; Wu et al., 2019; McCain et al., 2022). Measurements
of cellular proteins reflect phenotype more accurately than mRNA transcripts, and can be
useful for relating gene expression to observable metabolic processes like carbon fixation,
nutrient uptake, and growth rates (Gao et al., 2000; Young et al., 2015; McCain et al., 2021;
Hutchins and Safiudo-Wilhelmy, 2022). Proteins are also major reservoirs of trace metals,
nitrogen and phosphorus (Geider and La Roche, 2002; Twining and Baines, 2013), and
their quantification can be useful for inferring the stoichiometry and distribution of various
elements within phytoplankton cells. As such, proteomics measurements can connect
molecular processes at the cellular scale with physiological and ecosystem processes. The
integration of omics data with physiological measurements (e.g. growth rates, elemental
composition, etc.) could be useful for developing a deeper understanding of phytoplankton

biology and ecology in the ocean.



1.4 Thesis overview

The first two data chapters in this thesis (Chapters 2 and 3) have been peer reviewed and
published, and the third data chapter (Chapter 4) will be submitted for peer review in the
near future. Although each of these chapters can be regarded as a standalone body of work,
together, they revolve around the central theme of understanding the interactive effects of

iron and temperature on phytoplankton growth and ecology in the Southern Ocean.

In Chapter 2, I examined the effects of iron and temperature on the growth and
photophysiology of a prominent polar diatom Fragilariopsis cylindrus. 1 used trace-metal-
clean methods to grow this diatom in the laboratory and examined its growth rates and
photophysiology under a matrix of iron and temperature conditions. Here, I found an
interactive effect of iron and temperature on growth, where warming allowed this species
to reduce its iron demand and increase its growth rate under limiting iron concentrations.
This chapter was published in Limnology and Oceanography Letters (Jabre and Bertrand,
2020).

In Chapter 3, I used metatranscriptomics data from an iron-temperature incubation
experiment conducted in McMurdo Sound, Ross Sea (Fig. 1.1), to examine the cellular
processes that underpin phytoplankton growth under changing iron and temperature con-
ditions. Here I found that one phytoplankton group (Pseudo-nitzschia) is more adapted
to grow under warmer, low-iron conditions by managing cellular iron requirements and
efficiently increasing photosynthetic capacity. This chapter was published in PNAS (Jabre
et al., 2021).

In Chapter 4, I used the metatranscriptomes from Chapter 3 as a reference for metapro-
teomic analyses of samples taken from iron-temperature incubations in the Weddell Sea
(Fig. 1.1). I combined these metaproteomic measurements with measurements of growth
and elemental stoichiometry to ask questions about how changes in phytoplankton growth
and metabolism can influence ecological processes. Here, I found links between the
abundance of various proteins, phytoplankton growth, and elemental stoichiometry under

different environmental conditions.

In Chapter 5, I summarize the findings in this thesis, and provide some thoughts on

using omics in the quest for better understanding the oceans around us. All the literature



cited throughout this thesis has been combined into a References section at the end of the

document.

I also note that the work conducted in this thesis combines highly interdisciplinary
experimental approaches and methodologies. This required extensive collaborations during
field work, and for conducting various types of measurements. As such, it is important
to acknowledge that many people have contributed to the work presented here. I have

included specific co-author contributions at the beginning of each chapter.

Figure 1.1: Map of major Southern Ocean circulation features adapted from De Broyer
et al. (2014), showing locations of the ice edge sampling site discussed in Chapter 3
(McMurdo Sound sea ice edge), and field locations of incubations discussed in Chapter 4
(Weddell Sea).



CHAPTER 2

INTERACTIVE EFFECTS OF IRON AND
TEMPERATURE ON THE GROWTH OF
Fragilariopsis cylindrus

This chapter has been published in Limnology and Oceanography Letters. Volume 5.
Issue 5. 2020. doi: https://doi.org/10.1002/1012.10158
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2.2 Abstract

Iron and temperature are important drivers controlling phytoplankton growth in the South-
ern Ocean (SO). Most studies examining phytoplankton responses to these variables
consider them independently, testing responses to changing temperature under constant
iron and vice versa. Consequently, we lack a phenomenological and mechanistic under-
standing of how concurrent changes in these variables influence primary productivity.
Here, we used a matrix of three temperatures and eight iron levels to examine changes
in growth rate, photophysiology, and size in Fragilariopsis cylindrus. Temperature and
iron interactively influenced growth; warming decreased iron demand, allowing cells to
maintain half-maximal growth rate at lower iron concentrations. We also observed possible
mechanisms underpinning this phenomenon: warming increased light-harvesting cross
section and reduced cell size, thereby increasing light energy availability and iron uptake
efficiency. These results suggest that interactive iron-warming effects could lead to larger
increases in SO phytoplankton growth than those currently predicted by marine ecosystem

models.

2.3 Scientific Significance Statement

Understanding how phytoplankton growth could react to future climate conditions will
improve our knowledge of important marine ecosystem processes such as nutrient cycling
and the ocean’s ability to absorb atmospheric CO,. We currently do not understand
how the projected simultaneous changes in two major drivers of phytoplankton growth,
temperature and iron, will influence phytoplankton productivity in the future. In this study,
we show that an ecologically important polar diatom can maximize growth under warming
conditions by reducing its iron requirements. We observe morphological and physiological
characteristics that may permit this species to take advantage of increased thermal energy

under low iron.
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2.4 Introduction

Diatom assemblages, which include Fragilariopsis cylindrus, contribute to the Southern
Ocean’s (SO) ability to absorb 40% of all anthropogenic CO, (Frolicher et al., 2015).
Future climate scenarios forecast changes in the SO environment, including average
warming trends and uncertain modifications in iron availability (Turner et al., 2005;
Tagliabue et al., 2017; Moore et al., 2018). Iron and temperature are two important drivers
of phytoplankton growth; iron-specific growth rates increase with iron concentration until
saturation (Sunda and Huntsman, 1995b; Hutchins et al., 2002) and temperature-specific
growth rates increase with warming until optimum (Eppley, 1972). Most studies examining
phytoplankton responses to these two variables examine them independently, and the
few studies seeking to examine responses of temperature and iron simultaneously have
featured experimental designs that test temperature responses under two iron conditions,
replete and limiting (e.g. Zhu et al., 2016; Boyd, 2019). While these studies have yielded
important insights into interactions between temperature and iron, they lack power to
examine changes in growth kinetics and trends in the underpinning physiological responses.
Consequently, we still lack a framework describing if temperature and iron interactively or
independently influence growth. In an independent (additive or multiplicative) relationship,
a change in one variable (i.e., temperature) does not influence how another variable (i.e.,
iron) affects growth. In an interactive relationship, a change in one variable influences
another variable’s effect on growth. Understanding temperature-iron relationships in
phytoplankton is imperative for understanding controls on SO primary productivity on

physiological time scales.

Marine ecosystem models (MEMs) that simulate primary productivity typically
assume that temperature (Tlf ) and nutrients (/V}iy,) influence growth in an independent,
multiplicative manner (Laufkotter et al., 2015) (Eq. 2.1), where 1 = specific growth rate
(d™), fimax= maximum growth rate, Tlf = temperature coefficient = Qy relationship, Ny,=
nutrient factor = Monod function, and Ly;,= light factor = function of light saturation (Eq.
2.1).

o= Mmam‘Tg-Nlim-Llim (21)
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These models are based largely on work describing an independent temperature-
macronutrient utilization relationship (Goldman and Carpenter, 1974; Ahlgren, 1987;
Maraiion et al., 2018), even though temperature has been shown to influence macronutrient
utilization in several phytoplankton groups (Rhee and Gotham, 1981; Bestion et al., 2018).
Moreover, MEMs do not incorporate temperature-micronutrient (e.g., iron) interactions,
yet evidence shows that warming can influence iron utilization in Trichodesmium (Jiang

etal., 2018).

An interactive temperature-iron relationship is possible due to phytoplankton’s ability
to adjust morphological and physiological characteristics in response to environmental
change. For example, cell size ubiquitously decreases at a rate of 2.5% °C™! warming
in many protist taxa (Atkinson et al., 2003), whereas cell volume increases with iron
availability (Allen et al., 2008). Iron and temperature also influence photosynthetic
parameters where photosynthetic efficiency increases with iron availability and light
harvesting capacity increases with temperature (Maxwell et al., 1994; Strzepek et al.,
2019). Changes in morphology and physiology could influence iron uptake rates, iron
use efficiencies, and energy production, all of which can affect growth under different

temperature and iron regimes.

The inability of current model formulations to capture potentially important interactive
effects may contribute to their uncertainties (Laufkotter et al., 2015) and could hamper
our ability to accurately predict future marine primary productivity. Our goal here is
to characterize the short-term temperature effects on phytoplankton growth using an
experimental design that would facilitate the examination of changes in growth kinetic
responses to iron availability under different temperatures. We grew the polar diatom,
F cylindrus, under a gradient of ecologically relevant temperatures (1 °C, 3 °C, 6 °C)
and eight iron conditions, and measured its growth rate, size, and photosynthetic health
(F,/ F,,). Our results reveal a change in the kinetic constants that describe the relationship
between iron availability and growth, and demonstrate that F. cylindrus can sustain half

maximal growth rate at much lower iron concentrations under elevated temperature.
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2.5 Methods

2.5.1 Experimental setup

We grew F. cylindrus (NCMA-1102, see Supporting Information Methods) in ethylenedi-
aminetetraacetic acid (EDTA)-buffered media under a range of total iron concentrations
(Fetow: 0, 3.75, 10, 15, 20, 35, 50, 100, and 500 nmol L) at 1 °C, 3 °C, and 6 °C. E. cylin-
drus is successful in a wide span of SO environments including cold (< 0 °C) high-salinity
sea ice to warmer (~5 °C) lower salinity open waters (Sackett et al., 2013), making it
an ecologically and biogeochemically important species. The growth temperatures we
used encompass a typical range of water temperatures during the current Antarctic growth
season and possible future temperatures under warming (Boyd et al., 2015b). Iron treat-
ments ranged from severely limiting to replete, and were chosen based on previous work
by (Pankowski and McMinn, 2009b). Average dissolved free inorganic iron concentrations
[Fe’] were calculated by applying temperature-adjusted dissociation factors from Sunda
and Huntsman (2003) to Eq. 2.2 from Sunda et al. (2005) (see Supporting Information
Methods, Table S2.2, and Fig. S2.5).

FeEDTA™|.(K 1 + InoKnoh/24)
[EDT A

[Fe'] = | (2.2)

Irradiance was supplied through white LED lights (LEDMO-EZ550) and was kept

2571, Cells were first accli-

constant at ~50 pmol photosynthetically active radiation m™
mated to all iron concentrations until growth rates were stable at 3 °C (5 transfers 15-20
generations). Cells from each iron concentration - except 0 nmol L' Fe, which failed to
grow - were further acclimated to 1 °C and 3 °C through a full growth cycle and then used
to inoculate triplicate 28 mL polycarbonate tubes (Nalgene) for each iron concentration
at either 1 °C and 3 °C. Following this, cultures that had been kept at 3 °C were used to
inoculate six replicates at 6 °C, Ny, = 96. Overall, cells were exposed to the experimental
iron conditions for at least 20 generations, and to the temperature conditions for 4-8

generations. Cell cultures were mixed daily by inverting the tubes, and their location in the

incubator was randomized regularly throughout the experiment.
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2.5.2 Maedia preparation

Synthetic ocean water was prepared in a trace-metal-clean manner following the Aquil*
recipe (Price et al., 1988; Sunda et al., 2005). Vitamins and macronutrients were prepared
and added to the media following the Aquil* recipe (Sunda et al., 2005). An iron-free,
EDTA-buffered trace metal mixture (modified from Sunda and Huntsman (1995a) was
added to the media with various concentrations of Fe;Cl (Fery,) dissolved in acidified
ultrapure water to attain the desired iron treatments (see Supporting Information Methods).
Media preparation and cell culture work were conducted in a purpose-built clean room
under positive pressure high efficiency particulate (HEPA) filtered air. Labware was
rigorously cleaned through a series of soaks in 0.1% Citranox solution and 1.2 mol L

trace-metal grade HCI, followed by rinsing with ultrapure pH3 Milli-Q water.

2.5.3 Growth rates

In vivo relative chlorophyll a fluorescence units (RFUs) were measured directly from 28
mL culture tubes using a 10-AU Fluorometer (Turner Designs). Cell counts were also
measured on the day of inoculation and 2-3 times throughout exponential growth using
a BD Accuri™ C6 flow cytometer (BD Biosciences). RFUs correlated linearly with cell
counts, R? = 0.96 (Fig. S2.6), and were measured more frequently to reduce possible iron
contamination from subsampling. Specific growth rates (d~') were calculated using linear
regression of In RFUs during the exponential growth phase over time using R package

“growthrates.” Table S2.3 provides R? values for the growth rate model fits.

Relative cell size was determined during mid-exponential growth by converting raw
forward scatter, a proxy used to estimate cell size (van Tol et al., 2017), from the flow
cytometer into estimated cell diameter (ECD). Three different size calibrations beads
(diameters: 0.75, 3.0, and 10 xm) were measured on the flow cytometer under the same
settings as the cell cultures, and a linear regression of forward scatter vs. diameter was

used to calculate ECD. A spherical dimension was assumed for all cells.

2.5.4 Photophysiology

Photochemical efficiency of PSII (F),/F,,), relative functional absorption cross-section

of PSII (ops;r), and PSII reaction center abundance (RC';) were measured using a FIRe
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Fluorometer System (Satlantic). Measurements were conducted during mid-exponential
growth after 30 min of dark acclimation at the respective culture temperatures. The
generated fluorescence profiles were fitted using Fireworx code (Barnett, 2017), (F,/ Fy,)
was calculated as the ratio of variable to maximum fluorescence, where F,, = F,, — I, and
opsrr was estimated using the slope between Fj and F,,,. RC; was calculated as F;, /cells
pL~! to account for varying cell densities under the different treatments (Oxborough et al.,
2012).

2.5.5 Curve fitting and statistical analysis

All statistical analyses were conducted using R version 3.6.0. and are discussed at signifi-
cance level of p < 0.05. To characterize the temperature and iron effects on growth, we
fitted growth rates vs. iron to a Monod equation (Eq. 2.3) using a nonlinear mixed effects
model via “SSmicmen” in R package “nlme,” where fi,,,, = maximum growth rate and

K. = iron half-saturation coefficient.

Homaz-[ €]

"= Ko+ [Fe] 2.3)

We then investigated the temperature effect on model coefficients (j4,,4, and Kg.) by
treating temperature as a fixed three level factor (1, 3, 6) and replicates as random effects.
Nested models containing temperature effect on both, one, or none of the parameters were
compared through likelihood ratio tests and Akaike information criterion (AIC) scores,
and parameter estimates were determined using maximum likelihood (see Tables S2.4 and
S2.5). To characterize temperature and iron effects on size, data were fitted to a logistic
model (Eq. 2.4) using “SSlogis” in R package “nlme” where Size,,,, = maximum size,
Fe,,;q = inflection point, and Size,.,. = scaling parameter describing how quickly size
approaches maximum. Model selection and parameterization were carried out using the

method described above (see, Tables S2.6 and S2.7).

S12€maz
1 —|— e(Femid_Fe)/Sizescale

2.4)

Size =
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Temperature and iron effects on F;,/F;, were also characterized via “SSmicmen” in
“nlme” using the method described above (Tables S2.8 and S2.9). The most appropriate
“nlme” models were initially chosen based on lowest AIC scores following methods from

Schaum et al. (2017).

2.6 Results

2.6.1 Growth kinetics

Growth rates ranged from 0.33 & 0.19 d"! (mean = standard error) at iron-replete 6 °C,
to no measurable growth in the 0 nmol L' Fery, treatment (i.e., dead cultures), which
caused the 0 nmol L! iron treatment to be excluded from further data analysis (Fig. 2.1).
The iron half-saturation coefficient, K., decreased significantly (likelihood ratio test
comparing models with and without temperature effect on K. , p = 0.021) with warming
following the Monod function Kz, = (20.387)/(—0.69 4+ T'), where T = temperature
in °C. Maximum growth rate, (i,,4., also increased linearly with temperature (likelihood
ratio test comparing models with and without temperature effect on (4., p < 0.001),
where (6,4, = 0.03*T + 0.16 (Fig. 2.2A, B; Tables S2.4, S2.5). The linear nature of the
[maz-temperature relationship indicates that our growth temperatures were below T, for

F. cylindrus, which is typically 7-9 °C (Mock and Hoch, 2005).
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Figure 2.1: Growth rates of F. cylindrus under various temperatures and dissolved free iron
(Fe’) concentrations fitted using a Monod function. Each point at 1 °C and 3 °C represents
measurements of three independent biological replicates. Each point at 6 °C represents
measurements of six independent biological replicates. Ny, = 96, error bars represent
95% confidence intervals.
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Figure 2.2: (A) Changes in iron half saturation coefficient K . with temperature. K. is
fitted using the Monod function K, = (20.38 % 1) /(—0.69 + T"), where T = temperature
in °C, and residual standard error (RSE) = 2.63. (B) Changes in maximum growth rate,
tmaz> With temperature. fi,,q, is fitted using the linear equation fi,,4, = (0.03 % T") + 0.16.

In both (A) and (B), error bars represent 95% confidence intervals, line fits were estimated
using R package nIMS (Table S2.10).

2.6.2 Size

ECD ranged from 3.7 £ 0.04 um in the most severely iron-limited cultures at 6 °C to 6.29
£ 0.08 um in iron-replete cultures at 1 °C (Fig. 2.3A). Warming significantly reduced
maximum size (likelihood ratio test comparing models with and without temperature
effect on Sizen., p < 0.0001) and increased the rate at which cells became smaller under
low iron (likelihood ratio test comparing models with and without temperature effect on
Sizegqe, p = 0.002, Tables S2.6, S2.7). Additionally, cells in iron replete treatments (Feo
> 50 nmol L), reduced in size at a rate of 2.09% =+ 0.29% 1°C"! warming, while iron
stressed cells (3.75 nmol L' < Fepy < 50 nmol L), reduced in size at a rate of 4.52% =+
0.11% 1 °C"! warming (Fig. 2.3B).
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Figure 2.3: (A) Estimated cell diameter vs. dissolved free iron concentrations (Fe’) at
the three tested temperatures. Each point represents measurements of three independent
biological replicates, Ny = 72. X-axis is log-transformed for clarity. (B) The percent
reduction in ECD per 1 °C warming under various total iron (Fer,,) conditions. This
was calculated using the slope values of AEC D /Atemperature under the various iron
conditions. In both (A) and (B), error bars represent 95% confidence intervals.

2.6.3 Photophysiology

F,/ F,, values ranged from 0.23 4 0.03 in the most iron limited cultures, indicating severe
iron stress, to 0.47 £ 0.01 in iron replete cultures at 6 °C, a typical value for unstressed F.
cylindrus (Arrigo et al., 2010) (Fig. 2.4A). Warming increased maximum £,/ F;,, values
under iron replete conditions but not under iron stress (likelihood ratio test comparing

models with and without temperature effect on F, / F},, jax, p < 0.0001 and F,/ Fyy, jowrion
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p = 0.27, respectively, Tables S2.8, S2.9). opg;r showed a decreasing trend with iron
availability at 3 °C and 6 °C and increased with warming only under iron-limited conditions
(Fig. S2.7). RC|y increased significantly with iron availability, and decreased at 6 °C
under iron replete conditions (multiple linear regression using “Im” function, p = 0.001

and p = 0.01, respectively; R? = 0.81) (Fig. S2.8).
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Figure 2.4: (A) Photochemical efficiency of PSII, F, /F,,, vs. dissolved free iron concen-
trations (Fe’) at the three tested temperatures. (B) F;,/ F,, plotted against relative functional
absorption cross-section of PSII (opg;;) at the three tested temperatures. There was no
significant relationship between F,/F,, and opg;y at 1 °C or 3 °C, but a significant inverse
relationship was observed at 6 °C where F,/F,,, = —0.001opg;; + 0.85, R? = 0.79. Gray
shading represents 95% confidence range of the linear fit at 6 °C. In both (A) and (B), each
point represents measurements of three independent biological replicates, Ny, = 72, and
error bars represent 95% confidence intervals.
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2.7 Discussion

The increase in growth rate with warming and increasing iron availability we observed
has been well documented previously, and is captured in models that use an independent
relationship between dependencies on iron and temperature (Laufkotter et al., 2015).
However, we show an interactive temperature-iron relationship, where warming decreases
the iron half-saturation coefficient (K z.), indicating that cells need less iron to sustain
growth under warming. This interaction causes an increase in the nutrient(iron) term —
Niim@e ) — (Eq. 2.1) even when iron is not increased. To quantify the effect of temperature
on Njimre ), We can incorporate the temperature- K . relationship into the Monod equation
(Eq. 2.3) to include a temperature-Fe interactive term (Eq. 2.5). Where p = specific growth
rate (A1), fmazremp = 0.03T + 0.16, [Fe] = iron concentration (pmol L) and K perem, =
temperature adjusted Kg. = (20.38 x 7") /(—0.69 + T'), T = temperature in °C.

,umaxTemp . [F@]

= 2.5
. KFeTemp + {FG] ( )

N lim(Fe) =

An increase in Njmre ) With warming under low iron could translate to higher F. cylin-
drus primary productivity rates than current models predict. This short-term interactive
response to temperature and iron could have important ramifications in the SO where iron
is limiting throughout most of the year, and would be especially important if the response

is maintained in the long term.

Our findings differ from studies where warming did not enhance phytoplankton
growth under macronutrient limitation (Marafion et al., 2018). This discrepancy may
be due to the different fundamental roles these two types of nutrients play within cells:
macronutrients function as molecular “building blocks,” while iron functions as a cofactor
in many enzymes used as “workers” to assemble these blocks. Under macronutrient
limitation, warming increases enzymatic (worker) efficiency, but cell growth would be
limited by the lack of building blocks. Conversely, in an iron-limited, macronutrient replete
environment, warming increases enzymatic efficiency and thus decreases the number of
iron-containing workers required to maintain growth. This would only be beneficial

in regions like the SO, where there is an abundance of macronutrient building blocks.
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While the efficiency of iron-containing enzymes has been shown to increase with warming
(Di Martino Rigano et al., 2006; Jiang et al., 2018), iron quota measurements and proteomic
surveys under various temperature and iron conditions are needed to further examine this

hypothesis.

The interactive temperature-iron relationship we show is also influenced by the degree
of iron limitation. Growth rate increase due to warming was an order of magnitude lower
under severely iron-limiting treatments (Fera <10 nmol L) compared to moderately
stressed and replete iron conditions (Table 2.1). The negligible temperature effect on
growth at extremely low iron may be due to severe stress (F,/F,, = 0.23) and failure to
meet the minimum iron quota required to sustain basic metabolic function. Consequently,
studies using only iron replete and deplete conditions could fail to observe much of the

important interactive effects of temperature and iron on growth.

Table 2.1: Increase in growth rate (Ay, d™) per 1 °C warming at very low, intermediate,
and replete iron conditions.

Ferotal Ap (d!) per1°C
Very low (<10 nmol L) 0.004 £ 0.003
Intermediate (35 nmol L) 0.029 £ 0.006
Replete (>50 nmol L) 0.028 4= 0.003

We observed several morphological and physiological characteristics that may allow
F cylindrus to reduce K. and take advantage of warming. Photosynthetic efficiency
(F,/F,,) did not improve with warming under low iron, which suggests that other photo-
synthetic mechanisms may be responsible. The increase in o pg;; under warmer, low-iron
conditions (Fig. S2.7) improves light harvesting and increases the energy available for
photosynthesis. This decreases the demand for iron-containing photosynthetic proteins, as
reflected in the reduced abundance of PSII reaction centers (RC/;) at 6 °C (Supporting
Information Fig. S2.8). However, larger o pg;; reduce the efficiency of light energy transfer
to photosynthetic reaction centers, creating an inverse relationship between opg;; and
F,/F,, in SO algae grown at ~4 °C (Strzepek et al., 2019). This inverse relationship was

only apparent under elevated temperature in our experiment (Fig. 2.4B, Table S2.11),
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which further suggests that warming may assist iron-limited photosynthesis by increasing

light harvesting.

The decrease in iron requirement with temperature was accompanied by a decrease in
cell size. Smaller cells grow more favorably under iron limitation due to increased surface
area to volume ratios and reduced nutrient and energy quotas per cell, allowing faster
division/growth rates (Hudson and Morel, 1990; Finkel et al., 2010). A decrease in size
under increased temperature could then be a beneficial strategy to maximize growth while
reducing iron demand. This would be especially advantageous in the SO, where higher
water temperatures occur later in the summer and coincide with major iron drawdown by
algal blooms (Wu et al., 2019). The decrease in size with temperature observed here (2.1%
decrease °C"! warming) follows an established temperature-size rule in nutrient replete
environments (Atkinson et al., 2003). Our results expand on this rule by showing that the
decrease in size is magnified two-fold under iron-limited growth conditions (4.5% decrease
°C’! warming). This phenomenon further reduces iron demand per cell and enables
increased growth with warming. However, since smaller cells also contain less carbon, it is
possible that iron demand per carbon (Fe : C ratio) did not change. Interrogation of Fe:C

ratios is required to understand the implications of these trends for iron use efficiency.

Our data show that temperature and iron interactively, not independently, influence
the growth rates of F. cylindrus; the initial slope of the exponential phase of growth rate
curves (Fig. 2.1) becomes steeper at higher temperatures, indicating a reduction in Kg.
This allows F. cylindrus to increase its iron-limited growth at a rate faster than is predicted
by current models under warming. Regardless of mechanisms underlying this temperature-
iron interaction, the morphological and physiological flexibility we observed here will
influence the abundance and ecological role of F. cylindrus in SO microbial communities.
This temperature-iron interaction may also be amplified in diatoms with lower iron demand
than F. cylindrus (e.g., Pseudo-nitzschia subcurvata, Zhu et al. (2016)). The resulting
increase in primary productivity under warming would contribute to further drawdown
of macronutrients and increase the SO trapping effect, where nutrients are exported and
prevented from being redistributed to fuel productivity at lower latitudes (Moore et al.,
2018). With increasing sea surface temperature trends, an interactive temperature-iron
relationship could have important ramifications for SO primary productivity and global

biogeochemistry.
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2.11 Supporting Information

2.11.1 Supporting Methods

Fragilariopsis cylindrus additional information

We used an axenic monoculture of F. cylindrus (NCMA-1102) isolated from the Weddell
Sea, Southern Ocean, in 1979). This strain is available at Bigelow’s National Center for
Marine Algae and Microbiota (https://ncma.bigelow.org/ccmp1102) and is widely used
as a model organism for cold water diatoms and in trace metal studies. We have been
maintaining this strain in our laboratory at 3 °C for several years (stock culture), and used

one inoculum from the stock culture to inoculate all our initial replicates.

Calculation of average dissolved inorganic iron concentrations [Fe’]

Iron’s speciation in EDTA-buffered media affects its bioavailability and is influenced
by pH, light and temperature (Sunda and Huntsman, 2003). It is therefore important
to calculate the concentration of free, dissolved (the most bioavailable form of) iron in
experiments with varying environmental conditions - like temperature in our experiment.
We calculated [Fe’] at 1 °C, 3 °C and 6 °C (Table S2.2) by applying temperature-adjusted
dissociation factors from (Sunda and Huntsman, 2003) to the following equation from
Sunda et al. (2005).

FeEDTA*.(K i + Ino Knoh/24)
[EDT A*])

[Fe] = [ (2.6)

Where:

[FeE DT A*]: Total iron concentration added to the media = 3.75 x 10°,10x 10°, 15 x
10°,20x 10°,35x 10°, 50 x 10, 100 x 10 and 500 x 10 mol L.

[ K1) Dissociation constant in the dark, not influenced by temperature = 9.55 x 10
(Figure S2.5).

[I1,]: Light intensity relative to which Ky, was measured = 50 pmol PAR m? s! / 500
umol PAR m? s! =0.1

[K1,]: Dissociation constant in the light, decreases with temperature (Figure S2.5). Using
a linear relationship between Ky, and temperature, we estimate Ky, values of 1.99 x 106,

1.65x 10 and 1.25 x 10 at 1 °C, 3 °C, 6 °C respectively (Figure S2.5).
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h: Number of light hours = 22 hours.

[EDT A*]: Free EDTA concentration = Total EDTA concentration minus total concentra-
tion of trace metals (Fe, Mn, Cu, Ni, Se, Zn, Co, Mo) = 9.955 x107, 9.954 x107, 9.954
x103, 9.953 x1073, 9.952 x107, 9.950 x107%, 9.945 x107°, 9.905 x10”° mol L' at iron

concentrations 3.75 x 10® — 500 x 10® mol L' respectively.

Table 2.2: Average dissolved inorganic iron concentrations [Fe’] at each temperature and
total iron treatment.

1°C 3°C 6°C

Ferya(mol L-l) Fe’ (pmol L'l)
3.75x107° 10.48 9.31 7.91
1.0x 1078 27.95 24.82 21.11
1.5x10°8 41.92 37.24 31.66
20x10°8 55.89 49.65 42.22
3.5x10°8 97.84 86.91 73.89
50x10°8 139.79  124.17 105.58
1.0x 1077 279.72 24847 < 211.26
50x10°7 1404.25 1247.34 1060.59
6.0 (e] PAR (umol photons m2s™")
g ] 8 o
§ -6.4
§-6.8 °
< .
o - °
S 1 3
-7.2 $
10 20

Temperature (°C)

Figure 2.5: Dissociation constant (Ky) for dark and light conditions (V. = 17) plotted
against temperature. Ky is not influenced by temperature in the dark (PAR = 0 zzmol m—2
s~1) but decreases with temperature in the light (PAR = 500 zmol m~2 s~!). Data were
obtained from Sunda and Huntsman (2003)
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Media preparation

Synthetic ocean water was prepared following the Aquil* recipe and was treated with
Chelex® to remove metal contaminants (Price et al., 1988; Sunda et al., 2005). Vitamins
and nutrient stocks were added to the media following the Aquil* recipe (Sunda et al.,
2005). An iron-free, EDTA-buffered trace metal mixture (modified from Sunda and
Huntsman (1995a)) was added to the media with various concentrations of Fe;Cl dissolved

in acidified ultrapure water to attain the desired iron treatments.
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Figure 2.6: Relative fluorescence units (arbitrary units) vs cell density (cells uL~1).
RFU = 0.35*cells pL =4 1.2, R? = 0.96. Points represent cultures from all temperature
and iron treatments during lag and exponential growth phases, Ny = 235. The strong
linear correlation between RFUs, a measure of chlorophyll-a fluorescence, and cell density
shows that RFU measurements can be used as a proxy for cell density in our experiment.
RFUs were measured non-invasively on a 10-AU Fluorometer (Turner Designs) using the
entire 28 mL culture tube. Cells uL~! were measured by sampling the cultures under
sterile, trace-metal-clean conditions, and then counting the number of cells on a BD Accuri
C6 flow cytometer coupled with BD CSampler™ (BD Biosciences).
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Table 2.3: R? values from the linear regression used to calculate specific growth rates
(d!) for all replicates at all iron and temperature treatments. Growth rates were calculated
via linear regression of In RFUs during the exponential growth phase over time using R
package “growthrates v 0.7.2”.

1°C 3°C 6°C

Total Iron Replicate R R2

3.75 A 0.34 0.88 0.98
10 A 0.20 0.63 1.00
15 A 0.87 0.93 1.00
20 A 0.76 0.86 0.99
35 A 0.94 095 0.98
50 A 097 095 0.97
100 A 0.95 099 097
500 A 094 1.00 0.98
3.75 B 044 0.77 1.00
10 B 0.30 0.73 1.00
15 B 0.76 091 1.00
20 B 0.84 0.88 0.98
35 B 096 098 0.98
50 B 096 0.98 0.96
100 B 095 0.99 0.95
500 B 095 1.00 0.98
3.75 C 0.36 0.72 0.97
10 C 0.12 0.74 0.98
15 C 0.53 095 0.99
20 C 044 092 0098
35 C 0.75 098 0.98
50 C 0.88 097 0.98
100 C 091 1.00 0.98
500 C 0.96 1.00 0.98
3.75 D 0.84
10 D 0.97
15 D 0.97
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Curve fitting methods and statistical analysis

Growth rate:

Curve fitting began by first using the most complex Monod model (see methods) where
growth rate was treated as a function of iron concentration, temperature (three level fixed
effect) influenced all model parameters ((t,,., and Kg.) and replicates treated as random
effects on all model parameters. Random effects with very low variance were removed
from the model. Nested models including a temperature effect only on i, and only on
K. were then compared to the most complex model using likelihood ratio tests via the
‘anova’ function in R package ‘nlme’. Here, the full model was significantly different from
the other two models (p < 0.05) and had the highest log-likelihood score and lowest AIC
score (Table S2.4). This indicates that temperature significantly influenced both pmax
and Kg.. Parameter estimates for the fixed effects were then determined using maximum

likelihood (Table S2.5), and were used to fit the curves in Figure 2.1.

Table 2.4: Output from the likelihood ratio tests used to determine the temperature-iron
effect on growth rate model parameters. Full = most complex model with temperature
influencing all the parameters, parameter dropped = removing the temperature effect on
that parameter. P-value < 0.05 indicates a significant temperature effect on the dropped
parameter.

Model df AIC BIC logLik Test L.ratio p-value Parameter Dropped
Growth_1 full 1 8 -406.68 -385.92 211.34
Growth 2 2 6 -402.94 -387.37 20747 1vs2 7.74 0.021 Kre
Growth_3 3 6 -390.03 -374.46 201.02 1vs3 20.65 < 0.0001 Himaz

Table 2.5: Parameter estimates for fixed effects from the non-linear model for growth rate
determined using maximum likelihood.

Temperature effect on: Estimate = 1SE p-value
1 °C: 65.068 - 18.174
Kr. 3°C:28.243 £19.432  0.021

6 °C: 21.108 = 18.781

1°C:0.177 £ 0.016
Momaz 3°C:0.265 £0.021 < 0.0001
6 °C: 0.330 £ 0.190
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Cell size:

Curve fitting began by first using the most complex logistic model (see methods) where
size was treated as a function of iron concentration, temperature influenced all model
parameters (Sizey,x = maximum size, Fe.;q = Inflection point, and Sizey.,. = scaling
parameter), and replicates treated as random effects on all model parameters. Random
effects with very low variance were removed from the model. Nested models where the
temperature effect was removed for each of the model parameters were then compared to
the most complex model using a likelihood ratio test via the ‘anova’ function in R package
‘nlme’. Here, removing the temperature effect on the Fe,,;q parameter had no significant
effect (p = 0.135), while models with no temperature effect on Size,, and Scal were
significantly different from the most complex model (p < 0.05) and had higher AIC and
lower log likelihood scores (Table S2.6). This indicates that temperature only significantly
influences the maximum size (Size,x) and how quickly maximum size is reached when
iron is added (Size,.,.). Parameter estimates for the fixed effects were then determined

using maximum likelihood (Table S2.7), and were used to fit the lines in Figure 2.2A.

Table 2.6: Output from the likelihood ratio tests used to determine the temperature-iron
effect on size model parameters. Full most complex model with temperature influencing
all the parameters, parameter dropped removing the temperature effect on that parameter.
P-value < 0.05 indicates a significant temperature effect of the dropped parameter.

Model df AIC BIC logLik Test L.Ratio p-value Parameter Dropped
Size 1 full 1 11 -49.61 -24.88 35.81

Size 2 2 9 -2894 -8.70 2347 1vs2 24.68 < 0.0001 Sizen,x
Size_3 3 9 -5822 -3799 3811 1vs3 4.6l 0.135 Feniq
Size 4 4 7 -41.25 -21.02 29.63 1vs4 12.36 0.002 Sizegcate
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Table 2.7: Parameter estimates for fixed effects from the non-linear model for size deter-

mined using maximum likelihood.

Temperature effect on: Estimate + 1SE p-value
1 °C: 6.252 4+ 0.084
3°C:5.864 £0.130 < 0.0001
6 °C:5.730 £ 0.143

Sizenax

Femia -40.078 £ 5.677 0.135
1°C:52.482 +£5.733

Scal 3°C:62.449 £6.319  0.002

6 °C: 86.327 £+ 9.290
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F,/F,:

Curve fitting here began by first using the most complex Monod model where F,/F,,
rate was treated as a function of iron concentration, temperature influenced all model
parameters (£, / Fyy-max and Kge = F, / Fy-1owiron)> and replicates treated as random effects
on all model parameters. Random effects with very low variance were removed from the
model. Nested models including a temperature effect only on F,/F,,-.x and only on Kg,
were then compared to the most complex model using a likelihood ratio test via the ‘anova’
function in R package ‘nlme’. Here, the full model was not significantly different from
the model with no temperature effect on F, / Fy,-jowiron (P 0.269) and was only significantly
different from the model with no temperature effect on £,/ F},,-max (P 0.0001) (Table S2.8).
This indicates that temperature does not influence F),/F}, measurements at lower iron
concentrations (initial slope of the Monod function), and only influences F,/F},, when
iron is replete (£, / F,-max)- Parameter estimates for the fixed effects were then determined

using maximum likelihood (Table S2.9), and were used to fit the lines in Figure 2.4A.

Table 2.8: Output from the likelihood ratio tests used to determine the temperature effect
F,/ F,, model parameters. Full = most complex model with temperature influencing all
the parameters, parameter dropped = removing the temperature effect on that parameter.
P-value < 0.05 indicates a significant temperature effect of the dropped parameter.

Model df AIC BIC loglik Test L.ratio p-value Parameter Dropped
Fv/Fm_1 full 1 8 -275.03 -256.82 14551
Fv/Fm 2 2 6 -276.41 -262.75 14421 1vs2 2.62 0.269 F,/Etowiron
Fv/Fm_3 3 6 -246.99 -23333 12949 1vs3 32.04 <0.0001 Fo/Fm—max

Table 2.9: Parameter estimates for fixed effects from the non-linear model for F,/F,,
determined using maximum likelihood.

Temperature effect on:  Estimate + 1SE P-value
Fy/Fo_towiron 10.107 £ 1.729 0.269

1 °C: 0.394 £ 0.009
Fo/Fomax 3°C:0.418 £0.013 < 0.0001
6 °C:0.470 £ 0.013
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Table 2.10: Model fit comparisons examining the relationship between temperature and
iron growth kinetics with seven different models using R package nIMS v 1.1. The best
fitting model was chosen based on lowest AIC score. N.A = no convergence. Norm =
normally distributed, no norm = non-normal distributed.

Figure 2A Figure 2B
Model Kge vs Temperature [i,,,, vs Temperature
AIC 28.06 -19.26
linear RSE 16.57 0.01
residuals norm norm
Quadratic AIC N.A N.A
RSE N.A N.A
residuals N.A N.A
Cubic AIC 0.00 0.00
RSE 0.00 0.00
residuals Nno norm Nno norm
Logistic AIC N.A N.A
RSE N.A N.A
residuals N.A N.A
Exponential AIC 26.31 -12.97
RSE 12.37 0.02
residuals norm norm
Power AIC N.A N.A
RSE N.A N.A
residuals N.A N.A
Monod AIC 17.019 -7.55
RSE 2.63 0.04
residuals norm norm
Best fit Monod Linear (R° = 0.95)
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Figure 2.7: Relative functional absorption cross-section of PSII (opg;;) vs dissolved
free iron concentrations Fe’ at the three tested temperatures. opg;; decreases with iron
availability only at 3 °C and 6 °C. Warming increases opgy; only under iron limited
conditions (< 50 pM). Each point represents measurements of three independent biological
replicates, Ny1q; = 72, and error bars represent 95% confidence intervals.
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Figure 2.8: PSII reaction center abundance, RC';; (unitless), vs dissolved free iron con-
centrations (Fe’) at the three tested temperatures. RC';; shows increasing trends with
iron availability and a decrease at 6 °C. Each point represents measurements of three
independent biological replicates, N, = 72, and error bars represent 95% confidence
intervals.
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Table 2.11: Model statistics and parameter estimates from the linear model fit for the
effects of temperature and opgr; on F,/ F,.

1°C 3°C 6°C
Intercept + SE  0.062 + 0.3 0.54 £ 0.16 0.848 + 0.1
opsir = SE 0.0009 4+ 0.001 -0.0005 4 0.0004 -0.001 £ 0.0003
RSE 0.06 0.061 0.043
R? -0.03 0.043 0.79
F-statistic 0.82 1.32 22.94
p-value 0.39 0.29 0.003
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CHAPTER 3

MOLECULAR UNDERPINNINGS AND
BIOGEOCHEMICAL CONSEQUENCES OF
ENHANCED DIATOM GROWTH IN A
WARMING SOUTHERN OCEAN
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3.2 Significance

Phytoplankton contribute to the Southern Ocean’s (SO) ability to absorb atmospheric
CO; and shape the stoichiometry of northward macronutrient delivery. Climate change is
altering the SO environment, yet we know little about how resident phytoplankton will
react to these changes. Here, we studied a natural SO community and compared responses
of two prevalent, bloom-forming diatom groups to changes in temperature and iron that
are projected to occur by 2100 to 2300. We found that one group, Pseudo-nitzschia, grows
better under warmer low-iron conditions by managing cellular iron demand and efficiently
increasing photosynthetic capacity. This ability to grow and draw down nutrients in the face
of warming, regardless of iron availability, has major implications for ocean ecosystems

and global nutrient cycles.
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3.3 Abstract

The Southern Ocean (SO) harbors some of the most intense phytoplankton blooms on Earth.
Changes in temperature and iron availability are expected to alter the intensity of SO phy-
toplankton blooms, but little is known about how these changes will influence community
composition and downstream biogeochemical processes. We performed light-saturated ex-
perimental manipulations on surface ocean microbial communities from McMurdo Sound
in the Ross Sea to examine the effects of increased iron availability (+2 nM) and warming
(+3 and +6 °C) on nutrient uptake, as well as the growth and transcriptional responses of
two dominant diatoms, Fragilariopsis and Pseudo-nitzschia. We found that community
nutrient uptake and primary productivity were elevated under both warming conditions
without iron addition (relative to ambient -0.5 °C). This effect was greater than additive
under concurrent iron addition and warming. Pseudo-nitzschia became more abundant
under warming without added iron (especially at 6 °C), while Fragilariopsis only became
more abundant under warming in the iron-added treatments. We attribute the apparent
advantage Pseudo-nitzschia shows under warming to up-regulation of iron-conserving
photosynthetic processes, utilization of iron-economic nitrogen assimilation mechanisms,
and increased iron uptake and storage. These data identify important molecular and phys-
iological differences between dominant diatom groups and add to the growing body of
evidence for Pseudo-nitzschia’s increasingly important role in warming SO ecosystems.
This study also suggests that temperature-driven shifts in SO phytoplankton assemblages
may increase utilization of the vast pool of excess nutrients in iron-limited SO surface

waters and thereby influence global nutrient distribution and carbon cycling.
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3.4 Introduction

The Southern Ocean (SO) occupies less than 10% of Earth’s ocean surface area but plays a
major role in driving global climate and biogeochemical cycles. It connects the Pacific,
Atlantic, and Indian ocean basins, supplies nutrients to lower latitudes, and absorbs a
considerable portion of global heat and CO, (Frolicher et al., 2015; Moore et al., 2018).
SO ecological processes are driven by seasonally productive phytoplankton assemblages
that require sufficient light, macronutrients (e.g., nitrogen, phosphorus), micronutrients
(e.g., iron, vitamin B,), and suitable temperatures to grow. These phytoplankton sequester
atmospheric CO, through the biological pump, sustain food webs, and influence the
stoichiometry of nutrient supply to lower latitudes. Despite large regional variations,
climate change models project overall warming in the SO, with current average sea surface
temperatures (0 to 4 °C) predicted to increase by 1 to 2 °C in 2100 and 6 °C by 2300
(Moore et al., 2018; Turner et al., 2005; Boyd et al., 2015b; IPCC, 2019). Additionally,
small increases in iron supply (e.g., increased iron flux, by 0.01 nM and 0.02 nM day"!
by 2100 and 2300, respectively) are projected for the SO (Moore et al., 2018; Turner
et al., 2005; Boyd et al., 2015b) (Table S3.1), but large uncertainties remain in model
projections of SO iron supply, which are complicated by the diversity of supply mechanisms
and other physical/chemical factors (Tagliabue et al., 2016; Hutchins and Boyd, 2016).
Temperature and iron can be major drivers of SO phytoplankton growth (Eppley, 1972;
Martin et al., 1990), yet we still have a limited understanding of how changes in these
factors will influence the cellular mechanisms that govern phytoplankton dynamics and

biogeochemistry in the SO.

Low iron availability limits phytoplankton growth and is the primary cause of the
high-(macro)nutrient low-chlorophyll (HNLC) conditions in the SO (Martin et al., 1990;
de Baar et al., 1990). Despite this, diatoms are highly successful in these environments and
contribute substantially to primary productivity throughout the region. Low-iron—adapted
diatoms utilize several strategies to survive chronic, episodic, or seasonal iron limitation.
For example, they can reduce photosynthetic iron demand by substituting iron-containing
ferredoxin with flavodoxin (Pankowski and McMinn, 2009b) or cytochrome c¢ with plas-

tocyanin (Peers and Price, 2006). Increased light harvesting cross-section has also been
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observed in several iron-stressed diatoms, allowing for more light energy capture to fa-
cilitate photosynthesis (Strzepek et al., 2019; Jabre and Bertrand, 2020). Diatoms may
also use iron-free rhodopsin to supplement photosynthetic energy capture (Marchetti et al.,
2015), have transport mechanisms that can be up-regulated to maximize iron acquisition
(Morrissey et al., 2015; Kazamia et al., 2018; McQuaid et al., 2018), and some species con-
tain iron storage proteins (ferritin) to buffer the sporadic availability of this micronutrient
(Marchetti et al., 2009).

Temperature influences intracellular transport processes and enzymatic turnover rates
and ultimately plays an important role in controlling phytoplankton growth and physiology
(Raven and Geider, 1988). Temperature has also been shown to limit SO phytoplankton
growth in the field and the laboratory. Warming incubations that simulate projected sea
surface temperature changes by the year 2100 to 2300 (0 °C versus +4 °C) in iron-limited,
diatom-dominated SO microbial communities resulted in increased nutrient drawdown
and improved the growth of several diatom groups (Rose et al., 2009), with similar results
reported in iron-limited laboratory diatom cultures grown under the same temperature
treatments (Zhu et al., 2016). Warming (up to a critical threshold) improves iron use
efficiency (Sunda and Huntsman, 2011; Jiang et al., 2018; Yang et al., 2021), increases
the turnover rate of iron-containing enzymes such as nitrate reductase (Gao et al., 1993;
D1 Martino Rigano et al., 2006), and may thus cause increased utilization of SO nitrate
even in the absence of iron addition (Hutchins and Boyd, 2016; Spackeen et al., 2018a).
Some Antarctic diatoms such as Fragilariopsis cylindrus also exhibit reduced cell size
under elevated temperature, which can decrease cellular iron quotas, increase surface area
to volume ratios, and facilitate nutrient uptake and growth (Jabre and Bertrand, 2020).
Other studies have shown a reduction in the upper thermal limit of Antarctic diatom
growth (e.g., centric diatoms Chaetoceros neglectus, Chaetoceros flexuosus, Thalassiosira
antarctica) under reduced iron availability (Boyd, 2019; Andrew et al., 2019), and some
diatoms like the pennate F. cylindrus still require iron supplementation (> 10 nM EDTA-
buffered iron) to benefit from warming (3 °C and 6 °C compared to 1 °C), even when
iron-conserving mechanisms are used (Jabre and Bertrand, 2020). Additionally, concurrent
increases in temperature and iron have been shown to have larger synergistic effects on
growth and nutrient utilization compared to the individual effects of each factor (Hutchins
and Boyd, 2016; Rose et al., 2009; Zhu et al., 2016). Here, we define “synergistic” as a

43



nonlinear, multiplicative response, which exceeds the sum of the individual effects of iron

and temperature (Boyd and Hutchins, 2012).

Despite shared adaptations across various taxa, diatoms are an extremely diverse
group of phytoplankton. Within the SO, major diatom groups have different morphological
and physiological traits, with unique optimal growth temperatures and different tolerances
to low iron (Strzepek et al., 2019; Boyd, 2019; Hutchins et al., 2001; Sackett et al.,
2013; Coello-Camba and Agusti, 2017; Tréguer et al., 2018). The molecular mechanisms
that underpin these differences are still poorly understood and are overlooked by the
majority of current marine ecosystem models, which consider all diatoms as one group
(Laufkotter et al., 2015). This oversimplification cannot capture how environmentally
mediated changes in diatom community composition and structure (e.g., communities with
different sinking rates) may affect important ecological processes, as well as nutrient and

carbon biogeochemistry (Assmy et al., 2013).

Here, we present an experimental manipulation study performed at the sea ice edge
(IE) in the Ross Sea of the SO. Coastal areas of the SO, including the sea IE, are highly
productive, and the Ross Sea alone contributes to 25% of all SO primary productivity
(Arrigo et al., 2008), making this area of the SO ecologically and biogeochemically
important. This region has also been shown in previous growing seasons (e.g., 2013,
2014 (Bertrand et al., 2015)) to be iron limited, suggesting that despite its coastal nature,
phytoplankton here experience similar nutritional stressors found throughout the Ross
Sea and broader SO. We investigated the growth, nutrient drawdown, and transcriptional
responses of an SO microbial community to warming and changes in iron availability,
mimicking changes that are projected to occur between the years 2100 and 2300 (Moore
et al., 2018; Turner et al., 2005; Boyd et al., 2015b). We show that nutrient drawdown
increases in response to temperature and iron, both independently and synergistically,
and that two closely related diatom groups, Fragilariopsis spp. and Pseudo-nitzschia
spp., respond differently to changes in temperature and iron. These two bloom-forming
taxa (Mangoni et al., 2017) contribute substantially to diatom assemblages in the SO and
strongly influence the ecology and biogeochemistry of the region (Rose et al., 2009; Kang
and Fryxell, 1992; Quéguiner, 2013). Pseudo-nitzschia cell numbers increased more than

Fragilariopsis under warming alone, while the latter required iron addition to benefit from
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increased temperature. Our metatranscriptome data suggest that the growth of Pseudo-
nitzschia under warming is likely facilitated by temperature-responsive light harvesting
and iron management strategies that were not utilized by Fragilariopsis. This ability to
grow and draw down nutrients in the face of warming, regardless of iron availability, could
have major implications for the ecological and biogeochemical response of the HNLC SO

to a changing climate.

3.5 Results and Discussion

We incubated SO surface water under constant growth-saturating light (65 to 85 uE m™
sec’!) with and without 2 nM iron addition at three temperatures (—0.5 °C, 3 °C, 6 °C) to
simulate increased iron availability and a range of SO surface water temperatures, spanning
from current to projected conditions 100 to 300 y from now (Moore et al., 2018; Turner
et al., 2005; Boyd et al., 2015b) (Table S3.1). We then examined the microbial community
after 24 h (T1) and again after 5 (T5) and 7 d (T7). Unless otherwise stated, a temperature
effect (i.e., effect of increased temperature) on the various measured parameters refers to

an effect at both 3 °C and 6 °C (see Materials and Methods Summary for details).

Increasing temperature and iron separately caused a significant but small increase in
community (> 0.7 pm) primary productivity measured as bicarbonate uptake (Fig. 3.1A,
Fig. $3.6, two-way ANOVA, temperature effect P = 1.1 x 1079, Fe effect P=2.4 x 1079),
as well as an increase in community nitrate uptake rates (Fig. 3.1A, Fig. S3.6, two-way
ANOVA, temperature effect P = 0.001, Fe effect P = 7.9 x 107%), nitrate consumption
(Fig. 3.1B, Fig. S3.6, two-way ANOVA, temperature effect P =2.9 x 10~ !, Fe effect P
=1.2 x 107'?), and phosphorus consumption (Fig. 3.1B, Fig. S3.6, two-way ANOVA,
temperature effect P=2.3 x 1079, Fe effect P=1.0 x 10~%). Incubations under concurrent
warming and iron addition showed a synergistic increase in primary productivity (Fig.
3.1A, two-way ANOVA, temperature x Fe effect P = 4.7 x 10~? ), nitrate uptake rates
(Fig. 3.1A, two-way ANOVA, temperature x Fe effect P = 0.007), nitrate consumption
(Fig. 3.1B, Fig. S3.6, two-way ANOVA, temperature x Fe effect P = 6.0 x 1077 ), and
phosphorus consumption (Fig. 3.1B, Fig. S3.6, two-way ANOVA, temperature x Fe effect
P =7.5 x 107°). This synergistic iron—temperature effect has been observed previously

(Rose et al., 2009; Spackeen et al., 2018a) and suggests that future warming conditions can
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strongly influence SO productivity and nutrient drawdown, especially if combined with a

concurrent increase in iron availability.
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Figure 3.1: (A) Absolute bicarbonate and nitrate uptake rates at TO (prior to the incu-
bations) and T7 for each temperature and iron condition. Uptake rates were measured
in duplicate from a single incubation bottle per treatment. (B) Dissolved nitrate and
phosphate concentrations in triplicate incubation bottles at TO and T7. Phosphate con-
centration is scaled (16x) for better visual comparison with nitrate. (C) Initial (TO) cell
counts of eukaryotic taxa identified by light microscopy, n = 3, taxa are arranged from
low to high abundance. The large variation in Phaeocystis cell counts at TO likely resulted
from random variability in colony abundance and size in the relatively small-volume
samples used for microscopic cell counts. Cell counts for other taxonomic groups under
the different temperature and iron treatments are shown in Fig. S3.7. (D) Measurements of
Fragilariopsis and Pseudo-nitzschia cell counts at TO and T7 in triplicate incubation bottles
for each temperature and iron condition. (E) Pie charts representing percent contribution
of taxa to the total reads mapped to ORFs and to the total 18S rRNA Amplicon Sequence
Variant (ASV) abundance at TO. “Other” represents all other taxonomic groups, including
prokaryotes and viruses. (F) Percent contribution of Fragilariopsis and Pseudo-nitzschia
to the total ASV abundance at TO and T5 for each temperature and iron condition. Each
point represents triplicate means; error bars represent £1 SD and fall within the bounds of
the symbol when not visible.
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Microscopy observations showed that Phaeocystis, dinoflagellates, ciliates, Fragi-
lariopsis, and Pseudo-nitzschia were among the most abundant eukaryotic taxa at the
beginning of the incubation experiment (the in situ community) and after temperature and
iron incubations (Fig. 3.1C, Fig. S3.7). We focused our analyses here on the responses of
the two most abundant diatom groups in our samples, Fragilariopsis (identified by light
microscopy and 18S ribosomal RNA sequencing as mostly Fragilariopsis kerguelensis
and Fragilariopsis cylindrus) and Pseudo-nitzschia (identified by light microscopy, 18S
ribosomal RNA sequencing, and a protein Basic Local Alignment Search Tool (BLAST-p)
analysis of Pseudo-nitzschia transcriptomes as mostly Pseudo-nitzschia subcurvata) (Table
S3.2 and S3.3, and Full Materials and Methods). Pseudo-nitzschia but not Fragilariopsis
cell counts increased significantly under warming without added iron (Fig. 3.1D, two-
way ANOVA, temperature effect P = 0.003 and P = 0.5, respectively) and showed the
largest increase in abundance throughout the incubations, compared to other plankton
groups (Fig. S3.7). Additionally, concurrent warming and iron supplementation caused
an increase in Fragilariopsis (Fig. 3.1D, two-way ANOVA, temperature x Fe effect P =
0.001) and a much larger synergistic increase in Pseudo-nitzschia cell counts (Fig. 3.1D, ,
two-way ANOVA, temperature x Fe effect P = 1.13 x 10~°). This highlights the ability
of Pseudo-nitzschia to increase its growth under warmer conditions, regardless of iron

availability.

We used metatranscriptomics to comprehensively capture gene expression patterns
and examine the molecular processes underpinning the distinct growth responses of Frag-
ilariopsis and Pseudo-nitzschia to shifts in iron availability and temperature (Fig. 3.2).
Metatranscriptomics allows for the interrogation of cellular pathways utilized across vari-
ous taxa and can be used to infer metabolic states under different environmental conditions
(Bertrand et al., 2015; Marchetti et al., 2012; Cohen et al., 2018a). Here, we identified
transcripts belonging to viruses, prokaryotes, and eukaryotes (Fig. S3.8); with dinoflag-
ellates, ciliates, Pseudo-nitzschia, and Fragilariopsis contributing 37% of the total reads
mapped to open reading frames (ORFs) (Fig. 3.1E). The contribution of Phaeocystis to
the metatranscriptome was lower than anticipated based on microscopy, possibly due to
difficulty in harvesting cells/colonies without rupturing them (Kiene and Slezak, 2006).
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) term enrichment

analysis on ORFs belonging to Fragilariopsis and Pseudo-nitzschia showed that pathways
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corresponding to photosynthesis, nitrogen metabolism, and genetic information process-
ing/translation were highly differentially expressed in both taxa following temperature and
iron increase (Fig. S3.9, S3.10). We explored these pathways in more detail by grouping
individual ORFs into clusters of similar sequences using Markov clustering (MCL) (En-
right, 2002) (Materials and Methods Summary). Several clusters contained differential
expression patterns that were similar in Fragilariopsis and Pseudo-nitzschia under iron
addition (63 clusters) and temperature increase (212 clusters). However, a larger number of
clusters were uniquely differentially expressed in either Fragilariopsis or Pseudo-nitzschia
under these conditions (Fig. 3.3A), suggesting that Fragilariopsis and Pseudo-nitzschia

utilize different molecular strategies to respond to changes in temperature and/or iron.
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Figure 3.2: Schematic representations of Fragilariopsis and Pseudo-nitzschia cells show-
ing cellular processes, with each process comprised of several transcript clusters (MCL
clusters). Photosynthesis: Lhcf = light harvesting complexes-f, OEC = oxygen evolving
complex, Cyt bgt complex = cytochrome bgf complex, PCYN = plastocyanin, Cyt ¢ =
cytochrome c¢. Nitrogen Assimilation: NRT = nitrate transporter, NR = nitrate reductase,
NiT = nitrite transporter, NiR = nitrite reductase, AMT = ammonium transporter, GOGAT
= glutamine oxoglutarate aminotransferase cycle. Iron Regulation: ISIP = iron starvation
induced protein. Each row in a heatmap represents one MCL, each column represents a
temperature and iron treatment at TS with each block representing three biological repli-
cate means with individual replicates shown in Fig. S3.14. Heatmaps were constructed
using taxon-normalized RPKM values. Empty heatmap placeholders represent clusters
found in Fragilariopsis but not Pseudo-nitzschia. Arrows represent energy/electron flow
in photosynthetic light reactions and steps involved in nitrogen assimilation using nitrate
or ammonium.

3.5.1 Photosynthesis

Iron addition resulted in up-regulation of iron-containing cytochrome bgf complex tran-
scripts and down-regulation of flavodoxin transcripts in both Fragilariopsis and Pseudo-
nitzschia (Fig 3.2, 3.3). This indicates that both diatoms in our study were undergoing some
degree of iron stress at the time of sampling; ambient dissolved iron concentrations at the
time of sampling were growth limiting at 0.47 nM (Wu et al., 2019), and iron-containing
photosynthetic processes including the electron transport chain can account for up to 40%
of cellular iron quotas (Raven et al., 1999) and are typically down-regulated under low
iron (LaRoche et al., 1996; Allen et al., 2008). Here, we did not detect the expression of
iron-dependent electron acceptor ferredoxin (PetF) in Pseudo-nitzschia, regardless of iron
status. Antarctic Pseudo-nitzschia species may have constitutively reduced dependence on
PetF (Pankowski and McMinn, 2009a; Moreno et al., 2018) to minimize photosynthetic

iron demand.
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Figure 3.3: (A) Venn diagram showing the number of transcript clusters that are signif-
icantly up (black) or down (blue) regulated with iron addition or temperature increase
in Fragilariopsis and Pseudo-nitzschia. The intersection represents clusters up, or down,
regulated in both Fragilariopsis and Pseudo-nitzschia. The number outside of the circles
represents the number of clusters from both taxa that were not differentially expressed. In
both taxa, warming caused more clusters to be differentially expressed than iron addition.
(B) Differential expression (DE) of various clusters under increased temperature. DE was
calculated using the quasi-likelihood test (glmQLFTest) in EdgeR, and fold change was
calculated for high-temperature (6 °C) versus low-temperature (—0.5 °C) treatments at TS.
(C) DE of various clusters after iron addition. DE was calculated using the quasi-likelihood
test (glmQLFTest) in EdgeR, and fold change was calculated for iron-added versus no iron-
added treatments at TS. In both B and C, positive and negative Log, fold change values
represent up and down regulation, respectively. Filled circles are clusters with statistically
significant DE (adjusted P value < 0.05). Point size represents total normalized transcript
abundance under all iron and temperature treatments.

53



3.5.2 Light-Harvesting Complexes

Most members of the light-harvesting complex (LHC) superfamily primarily absorb and
direct light energy to photosynthetic reaction centers where charge separation occurs,
but some of them (Lhcx clade) are also involved in stress responses and photoprotection
(Zhu and Green, 2010; Buck et al., 2019). Expression patterns of transcripts belonging
to the major Lhcf group and photosystem I (PSI)-associated Lher groups were markedly
different between the two taxa under the different temperature and iron treatments (Fig.
3.4). In Fragilariopsis, there was a general pattern of decreased expression with warm-
ing and marked up-regulation with iron addition. In contrast, Pseudo-nitzschia showed
a pattern of increasing expression with elevated temperatures. Up-regulation of Lhcf
and Lhcr groups contributes to increased light harvesting efficiency and provides more
energy for downstream temperature-dependent catalytic processes. This also alleviates
photosynthetic iron demand by reducing the number of iron-containing photosynthetic
components required to process light energy (Schuback et al., 2015). Increased light
harvesting cross-section has been measured under warming (3 °C and 6 °C compared to 1
°C) in iron-stressed F. cylindrus in the laboratory (Jabre and Bertrand, 2020). However,
these environmental data indicate that Pseudo-nitzschia may be even better equipped to
use this mechanism to support growth under low iron in the SO, provided that the LHC
up-regulation observed here reflects an increase in light harvesting cross-section, which
remains speculative at this time. Several Lhcf and Lhcr clusters were also up-regulated
in both Fragilariopsis and Pseudo-nitzschia after iron addition. Given that iron addition
is expected to decrease light harvesting cross-section (Strzepek et al., 2019; Jabre and
Bertrand, 2020; Greene et al., 1992; Strzepek et al., 2012), it might be predicted that
iron addition could decrease the demand for Lhcf and Lher expression. However, this
impact appears to be overridden by increased demand for LHC expression resulting from
iron-induced increases in photosynthetic unit (PSU) abundance. Additional measurements
of light absorption cross-section and photosynthetic efficiency could provide further insight
into how light harvesting responds to changes in LHC expression under different iron and

temperature conditions.

Each transcript cluster belonging to the Lhcx clade was down-regulated after 24 h
of incubation at all temperatures and iron conditions in both Fragilariopsis and Pseudo-

nitzschia (Fig. 3.4). Lhcxs are highly sensitive to environmental change, including
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fluctuations in light and nutrient levels (Zhu and Green, 2010; Buck et al., 2019; Taddei
et al., 2016). Given these expression patterns and previous observations of Lhcx regulation,
the Lhcx transcripts detected here may be responding to changes in the light levels that
cells would have undergone during sample collection—brief exposure to unattenuated
daylight during sampling, followed by lower light intensities in the incubations. Notably,

expression of these Lhcx clades showed only minimal responses to iron addition.
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Figure 3.4: Heatmaps of MCL clusters of LHCs Lhcf, Lhcr, Lhex, and Lhez in Pseudo-
nitzschia and Fragilariopsis measured after 24 h (T1) and 5 d (T5) of incubation under
the various iron and temperature treatments. Heatmaps were constructed using taxon-
normalized RPKM values. LE represents IE samples; TO represents in situ samples
processed immediately before any incubations. Each block is one biological replicate
measurement. Black and white up/down pointing triangles represent transcripts that
were significantly (glmQLFTest-EdgeR P < 0.05) up- or down-regulated due to warming
or iron addition (respectively) at TS. Stars represent transcripts that were significantly
(glmQLFTest-EdgeR P < 0.05) up-regulated due to an interactive iron—temperature effect
at TS.

3.5.3 Plastocyanin

Plastocyanin is a copper-containing protein that acts as an electron shuttle in the electron
transport chain and plays an important role in reducing iron requirements in phytoplankton

by substituting for cytochrome cq (Peers and Price, 2006; Wu et al., 2019; Schoffman
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et al., 2016). Here, iron addition had no significant effect on plastocyanin transcript ex-
pression, while warming caused its up-regulation in Pseudo-nitzschia and down-regulation
in Fragilariopsis (Fig. 3.3). Plastocyanin expression has been observed to be insensitive to
iron availability in low-iron—adapted diatoms (Marchetti et al., 2012). However, our data
suggest that Pseudo-nitzschia plastocyanin transcripts are phylogenetically distinct from
those of Fragilariopsis and may play a temperature-responsive role to support growth under
elevated temperatures (Fig. S3.11). Plastocyanin transcript abundance in Pseudo-nitzschia
was higher at 3 °C and 6 °C compared to —0.5 °C at T1, showing a rapid response to
warming (Fig. S3.11). This, in combination with the strong and immediate response of
LHCs may give Pseudo-nitzschia a photosynthetic advantage over Fragilariopsis across a

wide range of likely warming scenarios in the SO.

3.5.4 Nitrogen Metabolism

KO term enrichment analysis showed that transcripts encoding nitrogen metabolism were
enriched in Pseudo-nitzschia and depleted in Fragilariopsis after temperature increase
(Figs. S3.9, S3.10). Nitrogen is required for protein synthesis and would be necessary to
support the observed increase in Pseudo-nitzschia cell counts under warming, and notably,
dissolved nitrogen drawdown was enhanced due to warming alone and elevated further
upon iron addition (Fig. 3.5 A, B). However, nitrogen acquisition and assimilation from
nitrate requires iron (Schoffman et al., 2016), and the observed Pseudo-nitzschia growth
under elevated temperature would necessitate iron-economic nitrogen metabolism. Our
data show that ammonium transporter transcripts were up-regulated in Pseudo-nitzschia but
not in Fragilariopsis under warming (Fig. 3.3B, 3.5C, D), indicating that Pseudo-nitzschia
is better equipped to utilize ammonium as an additional and/or alternative nitrogen source
in response to elevated nitrogen demand, which is likely a result of increased growth in
response to warming. Elevated ammonium transporter expression would provide Pseudo-
nitzschia with an additional nitrogen source at a lower iron cost for use in amino acid
synthesis and growth (Schoffman et al., 2016; Raven, 1988; Smith et al., 2019). In
fact, community ammonium drawdown at 6 °C was greater than at lower temperatures,
regardless of iron status (Fig. 3.5B), consistent with the notion that ammonium use at high
temperature and low iron could have contributed to the success of Pseudo-nitzschia. The

ability to uptake and utilize ammonium rapidly, relative to nitrate, also allows diatoms to
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grow faster when ammonium is available (Parslow et al., 1984; Tada et al., 2009). However,
the high Pseudo-nitzschia growth we observed cannot be supported by ammonium alone;
total community ammonium drawdown comprised only 25.2 4-2.4% of dissolved inorganic
nitrogen (nitrate + ammonium) drawdown in the 6 °C no added iron treatment and 7.9 +
1.0% of dissolved inorganic nitrogen drawdown in the added iron 6 °C treatment (Fig.
3.5A, B). Nitrate drawdown was responsible for the majority of dissolved nitrogen uptake
regardless of iron status, though significantly (two-way ANOVA, P = 9.6 x 10"'!") more
so under elevated iron. This suggests that Pseudo-nitzschia may have utilized additional
parsimonious mechanisms such as internal protein recycling to further reduce nitrogen
requirements and thereby reduce iron demand (Nunn et al., 2013). While nitrate drawdown
was elevated at high temperatures both with and without added iron (Fig. 3.5A), neither
Pseudo-nitzschia nor Fragilariopsis changed their expression of nitrate transporters in
response to elevated temperature. Both diatom groups up-regulated nitrate transporters
in response to iron addition regardless of temperature (Fig. 3.3, Fig. 3.5E, F). Similarly,
nitrate reductase transcript expression was up-regulated in response to iron addition but
not elevated temperature (Fig. 3.3, Fig. 3.5G, H). However, the observed elevation in
nitrate drawdown and nitrate uptake rates with warming (Fig. 3.1, Fig. 3.5), in the absence
of a change in gene expression, is consistent with the well-characterized temperature
dependence of nitrate reductase activity Gao et al. (2000). This suggests that the enhanced
nitrate assimilation under elevated temperature was indeed accomplished without the

increase in iron demand required to produce additional copies of active nitrate reductase.
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Figure 3.5: (A and B) Total nitrate and ammonium drawdown from beginning to end of
the experiment (difference in concentration between T7 and T0O). (C—H) Taxon-normalized
RPKM expression values for clusters belonging to ammonium transporters (AMT), nitrate
transporters (NT), and nitrate reductase (NR) in both Pseudo-nitzschia and Fragilariopsis
prior to incubation (TO) and at T5 with and without added iron at —0.5, 3, and 6 °C.
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3.5.5 Genetic Information Processing/Translation

Protein synthesis is an energetically costly process that is required for metabolism and
growth. Increased kinetic energy due to warming enhances translation efficiency, reduces
the total RNA per cell, and reduces the number of ribosomes required to maintain pro-
tein synthesis rates (Toseland et al., 2013). Consistent with this response, we observed
that several transcript clusters corresponding to ribosomes were down-regulated in both
Fragilariopsis and Pseudo-nitzschia under warming (Fig. 3.2, Fig. 3.3). Warming also
caused up-regulation of transcripts encoding ribosomal recycling proteins only in Pseudo-
nitzschia (Fig. 3.2), which can reduce nitrogen demand and the energetic costs associated
with ribosomal synthesis. While the reduction in phosphorus-rich ribosome abundance is
thought to increase cellular N:P ratios, leading to increased nitrogen demand in warmer
ocean regions (Toseland et al., 2013), our bulk nutrient drawdown ratios (Fig. S3.6) show
that N:P drawdown is not significantly influenced by warming (two-way ANOVA, P =
0.07). This suggests that the increasing dominance of diatoms, with their considerably
lower N:P ratios than other SO plankton groups such as Phaeocystis (Zhu et al., 2016;
Arrigo et al., 1999), is likely an overall driver of N:P ratios and can counterbalance the ex-
pected reduction in cellular phosphate demand at high temperature from reduced ribosome
content. It is also possible that temperature changes alone, without additional interactive
effects due to changes in other variables such as CO, and light, might not cause a strong

increase in N:P ratios (Boyd et al., 2015a).

3.5.6 Micronutrient Acquisition, Trafficking, and Storage

Increased iron uptake, storage, and intracellular transport are strategies to improve growth
under low iron availability. In the laboratory, Zhu et al. (2016) report higher iron uptake
rates in P. subcurvata than in F. cylindrus under warming. Our data show down-regulation
of iron stress-induced proteins (ISIP1, ISIP2A, ISIP3) in both Pseudo-nitzschia and
Fragilariopsis after iron addition, and ISIP2A up-regulation only in Pseudo-nitzschia after
warming (Fig. 3.2, Fig. 3.3). ISIPs are involved in iron acquisition and storage systems
in diatoms, and specifically, ISIP2A contributes to nonreductive iron uptake (Morrissey
et al., 2015; Kazamia et al., 2018; McQuaid et al., 2018; Allen et al., 2008). No previous
studies have inspected ISIP2A response to temperature, but it is likely that the apparent

temperature response of ISIP2A contributes to the ability of Pseudo-nitzschia to acquire
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and utilize iron to support growth under warming. Additionally, transcripts for ferritin,
an iron storage protein (Marchetti et al., 2009), were significantly up-regulated only in
Pseudo-nitzschia after iron addition (Fig. 3.3). Several studies have reported ferritin
up-regulation in Pseudo-nitzschia under iron-replete conditions (Cohen et al., 2018a,b),
and Fragilariopsis can also utilize ferritin to store iron (Marchetti et al., 2009). However,
consistent with low Fragilariopsis ferritin expression under iron-replete conditions in the
field (Lampe et al., 2018), our study shows that Fragilariopsis ferritin transcripts were
not significantly up-regulated after iron addition (Fig. 3.3). These trends suggest that in
addition to reducing iron demand, Pseudo-nitzschia was better able to increase iron uptake
and utilized stored ferritin-bound iron to support growth under warming. This suggests
that Pseudo-nitzschia may be particularly well suited to environments with episodic iron

availability.

In addition to iron, cobalamin has also been shown to be a critical micronutrient
driver of phytoplankton growth and community composition in the SO (Bertrand et al.,
2015). Fragilariopsis and Pseudo-nitzschia’s cobalamin acquisition and stress response
machinery also showed markedly different responses to iron and warming (Fig. 3.3, Fig.
S3.12), suggesting that these two diatoms may employ different strategies to cope with

low cobalamin availability (Supplemental Results and Discussion).

3.5.7 Synergistic Responses and Gene Expression

The observed synergistic iron—temperature effects on growth and nutrient drawdown were
not accompanied by a synergistic effect on gene expression (Fig. S3.8, S3.15). For example,
we did not observe an interactive iron—temperature effect on the expression of genes
involved in nitrogen uptake, yet nitrate and ammonium drawdown increased synergistically
due to iron and temperature increase (Fig. 3.1). It is unlikely that synergistic nutrient
drawdown was influenced by synergistic gene expression in taxa other than Fragilariopsis
and Pseudo-nitzschia. Except for the prokaryotic Alteromonadales group, we observed
relatively little or no interactive iron—temperature effect on gene expression in all the taxa
we assessed (Fig. S3.8). This suggests that improved enzymatic efficiency under warming
can accelerate metabolic functions, even without a proportional increase in transcript

abundance. It is worth noting that, without extensive genetic manipulation and biochemical
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investigations using monocultures in controlled conditions, observational studies like this
lack the ability to disentangle causal relationships between gene expression patterns and
physiology/growth. Nevertheless, observations of gene expression trends under different
environmental conditions provide insight into the cellular mechanisms that facilitate growth

and those which underpin differences between ecologically important groups.

3.5.8 Ecological and Biogeochemical Relevance

Most recent model projections show warming trends across the SO with sea surface
temperatures increasing by 1 to 2 °C by 2100 and 6 °C by 2300 (Moore et al., 2018;
Boyd et al., 2015b; Rickard and Behrens, 2016). Fragilariopsis grows in a wide range
of environments throughout the SO but is most successful in high-salinity, high-iron sea
ice while Pseudo-nitzschia is most successful in warmer low-salinity, low-iron meltwaters
(Sackett et al., 2013; Petrou et al., 2011; Petrou and Ralph, 2011). The growth and gene
expression patterns we observed in both diatoms may then be driven by niche-specific
adaptations due to competition for resources. Our results are consistent with a 2013
incubation study conducted at the IE in the Ross Sea where Pseudo-nitzschia dominated
the community after warming (Spackeen et al., 2018a), suggesting that Antarctic Pseudo-
nitzschia are better equipped to dominate in a warmer (4 °C compared to 0 °C) ocean
and even more so if iron availability increases. A shift into a Pseudo-nitzschia dominated
community raises concerns for domoic acid (DA) production and its toxic effects in
mammals and other trophic levels (Liu et al., 2007; Scholin et al., 2000). A search for DA
biosynthesis transcripts (Brunson et al., 2018) did not yield strong evidence for expression
of the DA biosynthesis gene cluster in this experiment (Tables S3.4, S3.5). However, other
studies have measured DA concentrations as high as 220 ng L' in the SO (Silver et al.,
2010; Geuer et al., 2019), but the temporal, spatial, and environmental factors that elicit
DA production remain unclear. Further work is required to investigate whether resident
Pseudo-nitzschia can produce the toxin under conditions not examined in our study or if

DA producing Pseudo-nitzschia are likely to migrate into a warmer SO.

A change in SO phytoplankton community structure could have important biogeo-
chemical ramifications on local and global scales. Changes in cell size, frustule thickness,

and metabolic functions under changing temperature and iron conditions could influence
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ecosystem and biogeochemical processes by altering sinking rates, grazing pressures,
and cellular nutrient quotas (Assmy et al., 2013; Quéguiner, 2013; Boyd et al., 2015a).
Warming-induced increases in the expression of ISIP2A, as well as iron-conserving plas-
tocyanin, LHCs, and nitrogen assimilation processes suggest the involvement of a suite
of mechanisms that support growth under warming. These cellular changes resulted in
increased nutrient drawdown in our multiday experiment, even in the face of iron limitation.
Such warming-enhanced SO nutrient drawdown could have profound consequences for
northward nutrient supply, especially if cells are able to utilize these parsimonious pro-
cesses over weeks or months and if the trends we observe in this coastal experiment hold
true across broad swaths of the SO. As more nutrients such as nitrogen and phosphorous
are consumed by phytoplankton and exported out of the surface ocean around Antarctica,
less nutrients will be available to fuel productivity at lower latitudes (Moore et al., 2018).
Here, we have identified molecular mechanisms that appear to enable diatoms, particularly
Pseudo-nitzschia, to accomplish enhanced growth and nutrient drawdown with rising tem-
peratures under low-iron conditions. These mechanisms, up-regulation of iron-conserving
photosynthetic processes, utilization of iron-economic nitrogen assimilation mechanisms,
and increased iron uptake and storage, underpin what may be a pattern of increasing

nutrient utilization in the SO and decreasing availability of nutrients for lower latitudes.

3.6 Materials and Methods Summary

Seawater was collected at a 3-m depth at the IE from McMurdo Sound, Antarctica on
January 15, 2015 (165°24.7985° E, 77°37.1370° S) using previously described trace-metal-
clean techniques (Bertrand et al., 2015). Triplicate bottles of each treatment (temperature:
—0.5°C+0.2°C,3£0.5°C, and 6 £ 0.5 °C; iron: not added [+0 nM], added [+2 nM])
were incubated indoors at a constant irradiance of 65 to 85 uE m™ sec™'. This incubation
irradiance is generally growth saturating for Antarctic phytoplankton (Strzepek et al.,
2012; Arrigo et al., 2010) and falls within observational bounds of mean mixed layer light
levels (Mangoni et al., 2019). Metatranscriptome samples were taken at the sea IE, in
the laboratory immediately following bottle incubation setup (T0), on January 16 (T1),
and again on January 20 (TS5). Cell counts were measured on TO and January 22 (T7).

Dissolved nutrients (nitrate, phosphate, silicate) were measured on TO, T1, T3, TS5, and T7,
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and ammonium was measured on TO and T7. Primary productivity (bicarbonate uptake)

and nitrate uptake rates were measured on TO, T1, T3, and T7 (Fig. S3.6).

For metatranscriptomics, the microbial community was harvested on 0.2 pm Sterivex
filters, total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific), and
ribosomal RNA was removed with Ribo-Zero Magnetic kits (Illumina). The resulting
messenger RNA (mRNA) was purified and subjected to amplification and complementary
DNA (cDNA) synthesis, using the Ovation RNA-Seq System V2 (TECAN). One micro-
gram of the resulting cDNA pool was fragmented to a mean length of 200 base pairs, and
libraries were prepared using Truseq kit (Illumina) and subjected to paired-end sequencing
via [llumina HiSeq. Illumina paired reads were filtered to eliminate primer sequences and
quality trimmed to Phred Q33, and rRNA was identified and removed using riboPicker
(Schmieder et al., 2012). Transcript contigs were assembled de novo using CLC Assembly
Cell (https://www.qiagenbioinformatics.com/), and ORFs were predicted using FragGe-
neScan (Rho et al., 2010). ORFs were annotated for putative function using hidden Markov
models and BLAST-p against PhyloDB (Bertrand et al., 2015) and filtered to eliminate
those with low mapping coverage (<50 reads total over all samples) and proteins with no
BLAST hits and no known domains. ORFs were assigned to taxonomic groups of interest
(Fig. S3.7) based on best Lineage Probability Index (LPI) taxonomy (Bertrand et al.,
2015; Podell and Gaasterland, 2007). Reads per kilobase mapped (RPKM) expression
values for each ORF were calculated and taxon normalized using a normalization factor
representing the summed taxonomic group contribution to total nuclear-assigned reads
per sample. ORFs were clustered into orthologs and protein families using MCL (Enright,
2002). Group normalized cluster (average/total) RPKM expression values were calculated
by pooling the taxon-normalized expression values for each group within a cluster. Cluster
annotations were aggregated by annotation type (KEGG, KO, euKaryotic Orthologous
Groups [KOG], KOG class, Pfam, TIGRfam, Enzyme Commission [EC], Gene Ontology
[GO]), and a single annotation was chosen to represent each cluster based on the lowest

Fisher’s exact test P value (fisher.test in R).

Differential gene expression at TS (foldchange magnitude and adjusted P value) was
calculated using empirical Bayes quasi-likelihood F-tests (glmQLFTest in edgeR) on
taxon-normalized expression values to account for the change in abundance under the

different iron and temperature treatments. A P value cut off of 0.05 was used for statistical
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significance. Iron effect was determined by comparing all -Fe treatments at T5 to all +Fe
treatments at TS. Temperature effect was determined by comparing all -0.5 °C to 3 °C
treatments at TS5 and -0.5 °C to 6 °C at TS. A gene was considered up-regulated with

temperature if it was up-regulated in both -0.5 °C versus 3 °C and -0.5 °C versus 6 °C tests.

Stable isotope tracer techniques, using '°N-labeled nitrate and '*C-labeled bicarbonate
(Cambridge Isotope Laboratories), were used to determine uptake rates, similar to methods
previously described in Ross Sea nutrient utilization studies (Spackeen et al., 2018a). Tracer
amounts of labeled substrates were added to bottles containing the initial IE community
(TO) and to subsampled volume from treatments at T1, T3, and T7. After incubations (6
h), the microbial communities (>0.7 pum) were collected on glass fiber filters (Whatman
GF/F; combusted at 450 °C for 2 h) and stored frozen. Isotopic enrichments of ’N and *C
were measured on a Europa 20/20 isotope ratio mass spectrometer, and absolute uptake
rates (uM h™') were calculated according to (Dugdale and Wilkerson, 1986). Complete

methods and uptake rate measurements from all time points can be found in Fig. S3.6).
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3.7 Data Availability

The data reported in this paper have been deposited in the National Center for Biotech-
nology Information sequence read archive (BioProject accession no. PRINA637767;
RNA-Seq BioSample accession nos. SAMN15154229-SAMN15154256, 18S ribosomal
RNA (rRNA) amplicon BioSample accession nos. SAMN18528738-SAMN18528777).
Contigs, assembled ORFs, 18S rRNA abundance, and MCL cluster abundance and differ-
ential expression analysis results are available at:

http://datadryad.org/stash/dataset/doi:10.5061/dryad.cjsxksn3;j.
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3.10 Supporting Information

3.10.1 Full Materials and Methods

Experimental Design - The planktonic microbial community was sampled at 3-m depth
via diaphragm pump from the sea ice edge in McMurdo Sound, Antarctica on January
15, 2015 (165°24.7985’E, 77°37.1370’S) from 11:00 - 12:15 using trace metal clean
techniques previously described (Bertrand et al., 2015). In-situ water temperature at the
time of sampling was -1 °C. The community was protected from light upon sampling
using dark trash bags, stored at 0 °C until 17:00 and then split into trace-metal cleaned
polycarbonate bottles (two 1.1L and one 2.7L per treatment), with and without iron
supplementation at three different temperatures. Bottles were kept at -0.5 £ 0.2 °C, 3 +
0.5 °C or 6 + 0.5 °C at constant 65-85 uE m™ sec™! irradiance in indoor incubators for
a total of 7 days. For iron supplmentation, 2 nM iron was added as Fe(NOs3); from an
ultrapure analytical standard solution, 1001 mg L' in 2% nitric acid. This was diluted to
a working stock in pH 2.5 milli Q water with hydrochloric acid, resulting in a negligible

nitrate addition to iron amended bottles.

Metatranscriptome Sampling and Assembly - Four separate metatranscriptome samples
were taken from the initial community, one at the sea ice edge (IE; approximately 2L)
and triplicates in the laboratory during bottle incubation setup (TO, approximately 2L).
Subsamples of single replicates from each experimental treatment were harvested on
January 16th (T1) and subsamples of each replicate (n = 3 for each experimental treatment)
were taken again on January 20th (T5). Each was harvested onto 0.2 zm Sterivex™ filters.
RNA was extracted and sequenced via paired end Illumina HiSeq. Total RNA was extracted
using Trizol reagent (Thermo Fisher Scientific). Ribosomal RNA was removed with Ribo-
Zero Magnetic kits (Illumina). A mixed Removal Solution was prepared from plant,
bacterial, and human/mouse/rat Removal Solution at a ratio of 2:1:1. The resulting rRNA
subtracted RNA was purified and subjected to amplification and cDNA synthesis, using
the Ovation RNA-Seq System V2 (TECAN). One microgram of the resulting high-quality
c¢DNA pool was fragmented to a mean length of 200 bp, and libraries were prepared using
Truseq kit (Illumina) from the -repair step in the manufacturers protocol and subjected to

paired-end sequencing via [llumina HiSeq.
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[llumina paired reads were filtered to eliminate primer sequences and quality trimmed
to Phred Q33, and rRNA identified and removed using riboPicker (Schmieder et al.,
2012) (average 13.5% rRNA). Transcript contigs were assembled de novo, in a combined
assembly, using CLC Assembly Cell (http://www.clcbio.com) and ORFs predicted using
FragGeneScan (Rho et al., 2010). Reads were mapped to ORFs using CLC (73% read
mapping), and ORFs were annotated for putative function using hidden Markov models
and BLAST-p against PhyloDB (Bertrand et al., 2015). ORFs were filtered to eliminate
those with low mapping coverage (< 50 reads total over all samples), proteins with no
BLAST hits, and no known domains (See Tables S3.7, S3.8, S3.9). The remaining set
of ORFs were assigned to chloroplast, mitochondrial or nuclear origin based on the best
BLAST-p hit above e-value 1e-3 to an organism with known organellular peptide sequences

(nuclear by default), and used for further comparative analysis.

Taxonomic groups of interest were defined (Fig. S3.7) and each ORF was assigned
to a group based on best LPI taxonomy (Bertrand et al., 2015; Podell and Gaasterland,
2007). A total of 64,487 ORFs were assigned to Fragilariopsis and 28,650 ORFs were
assigned to Pseudo-nitzschia. Reads per kilobase mapped (RPKM) expression values for
each ORF were calculated and taxon normalized using a normalization factor representing
the summed taxonomic group contribution to total nuclear-assigned reads per sample.
For example, the taxon-normalized expression of an ORF assigned to Fragilariopsis in a
particular library is given as reads mapped to that ORF/OREF length/total Fragilariopsis
nuclear assigned reads in that library. ORFs were clustered into orthologs and protein
families using MCL (Enright, 2002). MCL clustering was run in label mode (parameter
-abc), with the default inflation setting 2.0 (parameter -I), on ratios of best BLAST-p
bitscore to self-hit bitscore using BLASTALL (e-value: 1e-3). Group normalized cluster
(average/total) RPKM expression values were calculated by pooling the taxon-normalized
expression values for each group within a cluster. These taxon-normalized RPKM values
were used to examine gene and cluster abundance. Cluster annotations were aggregated
by annotation type (Kegg, KO, KOG, KOG class, Pfam, TIGRfam, EC, GO) and a single
annotation chosen to represent each cluster based on the lowest Fisher’s exact test p-value
(fisher.test in R) given the 2-way contingency table for each annotation coverage of each

cluster.
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Pseudo-nitzschia BLAST-p analyses - A subset of TFG peptide sequences, assembled
from meta-transcriptome sequences and annotated as most-likely from Pseudo-nitzschia
(n=27,420), as described above, were used in BLAST-p analysis against peptide databases
from culture-based transcriptomes of several Pseudo-nitzschia species (Table S3.3). All
the peptide matches that passed an E value threshold of 1E-05 were collected separately
for each Pseudo-nitzschia species. Their distribution profiles in percent identity and the

alignment length are summarized in Table S3.3.

18S rRNA Sequencing - 1-10 ng of total RNA was used to generate cDNA using the
Life Technologies SuperScript III First Strand Synthesis system with random hexamer
primers. The cDNA was diluted 10-fold and had final concentrations ranging from 10-50
ng/pl. Amplicon libraries targeting the V9 region of the 18S gene were generated as
described here: https://www.protocols.io/view/amplicon-library-preparation-bmuck6sw.
Briefly, cDNA was amplified via a one-step PCR using the TruFi DNA Polymerase PCR
kit (Azura, Raynham, MA, USA). The 1389F (TTGTACACACCGCCC) and 1510R
(CCTTCYGCAGGTTCACCTAC) primer set was used (Amaral-Zettler et al., 2009). Each
reaction was performed with an initial denaturing step at 95 °C for 1 minute followed by
30 cycles of 95 °C for 15 seconds, 56 °C for 15 seconds, and 72 °C for 30 seconds. 2.5 uL
of each PCR reaction was ran on a 1.8% agarose gel confirm amplification. PCR products
were purified using Beckman Coulter AMPure XP beads following the standard 1x PCR
clean-up protocol. PCR quantification was performed in duplicate using Invitrogen Quant-
iT PicoGreen dsDNA Assay kit. Samples were then pooled in equal proportions followed
by another 0.8x AMPure XP bead purification. The Pool was evaluated on an Agilent
2200 TapeStation and quantified with Qubit HS dsDNA. Sequencing was performed at the
University of California, San Diego Sequencing Core on a single Illumina MiSeq lane (2 x

150bp) with a 15% PhiX spike-in.

Amplicons were analyzed with QIIME2 v2019.4 (Bolyen et al., 2019). Briefly,
demultiplexed paired-end reads were trimmed to remove adapter and primer sequences
with cutadapt (Martin, 2011). Trimmed reads were then denoised with DADA?2 to produce
amplicon sequence variants (ASVs) (Callahan et al., 2016). Each pool was denoised

with DADA? individually to account for different error profiles in each run. Taxonomic
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annotation of ASVs was conducted with the gq2-feature-classifier classify-sklearn naive-
bayes classifier (Bokulich et al., 2018; Pedregosa et al., 2011) PR2 v4.12.0 (Guillou et al.,
2012) for 18S amplicons.

ISIP1 taxonomic re-assignment - Pseudo-nitzschia and Fragilariopsis ISIP1 genes could
not be differentiated using BLAST-p. Instead, nucleotide ISIP1 sequences were compared
to a reference database of ISIP1 genes from F. cylindrus, F. kergulensis, P. granii, P. heimii,
P. multistriata and P. fraudulenta using BLAST-n. ISIP1 sequences were assigned to
Fragilariopsis or Pseudo-nitzschia based on lowest e-value score. These sequences were
then manually placed in clusters and their abundance was normalized to each taxon as

previously described.

Query for Domoic Acid Biosynthesis (DAB) Genes - BioEdit v7.2 was used to conduct a
local BLAST-p search for DAB genes in our data using Blosum62 similarity matrix. Amino
acid query sequences from Pseudo-nitzschia multiseries DAB-A (GenBank: AYD91073.1),
DAB-B (GenBank: AYD91072.1), DAB-C (GenBank: AYD91075.1) and DAB-D (Gen-
Bank: AYD91074.1) (Brunson et al., 2018) were used.

LHC assignments - All Fragilariopsis and Pseudo-nitzschia ORFs annotated as ‘chloro-
phyll binding’ or ‘light harvesting proteins’ were selected for further inspection. For
Fragilariopsis LHCs, a BLAST-p was performed against F. cylindrus CCMP1102 and
annotations were retrieved for the top BLAST hit for each amino acid sequence. Pseudo-
nitzschia LHC sequences were identified by comparison with those collected during the
annotation of the Pseudo-nitzschia multiseries CLN-47 genome. The protein sequences of
both diatoms were assigned to the Lhcf, Lher, Lhex or Lhez groups following a previous
diatom LHC classification based on maximum-likelihood phylogenetic trees and published
as Supp. Information 11 and Supp. Fig. 20 of Mock et al. (2017) and in Hippmann et al.
(2017). The dominant Lhcf clade was further subdivided into Lhcf_I, Lhcf II (diatom-
specific), and Lhcf_III groups. PID numbers and the clusters to which they were assigned

(see above) can be found in Table S3.6.

Plastocyanin Tree - Previously identified plastocyanin sequences were retrieved from
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MMETSP (Fragilariopsis kerguelensis 0735, Pseudo-nitzschia heimii 1423, Coscin-
odiscus wailesii_1066), JGI (Fragilariopsis cylindrus _272258), NCBI (Thalassiosira
oceanica _EJK71623.1), Moreno et al. (2018) (Pseudo-nitzschia subcurvata), and Cohen
et al. (2018a) (Pseudo-nitzschia granii), and aligned with plastocyanin sequences from
Pseudo-nitzschia and Fragilariopsis in our dataset using Clustal Omega in SeaView v5.0
(Fig. S3.13). A maximum-likelihood phylogeny was then estimated using PhyML with
LG model and 100 bootstrap iterations in SeaView v5.0, and the resulting tree was edited

using FigTree v1.4.4.

Nutrient Measurements - Samples from initial (TO) and subsequent time points (T1,
T3, TS5, and T7) were collected, passed through a GF/F filter (Whatman; 0.7 ;sm nominal
pore size; combusted at 450 °C for 2 hours), and filtrate was stored frozen (-40 °C)
until further analysis. A Lachat QuickChem 8500 autoanalyzer was used to measure
duplicate concentrations of dissolved nitrate, phosphate and silicate (detection limit 0.03
pmol N L1, 0.03 gmol P L! and 0.05 pzmol Si L'!; (Parsons et al., 1984)). Samples for
ammonium, collected on TO and T7, were measured in triplicate on a Shimadzu UV-1601
spectrophotometer using the manual phenol-hypochlorite method (detection limit 0.05
pumol N L'; (Koroleff, 1983).

Uptake Measurements - Nitrate and bicarbonate uptakes were assessed using the initial
community (TO) collected from the ice edge and during T1, T3, and T7 of the experiment.
Uptake rates were measured using >N and '*C stable isotope tracer techniques, and
substrates used included 'N-labeled potassium nitrate (K;sNOs-; 98%) and '3C-labeled
sodium bicarbonate (NaH;3COj3-; 99%; both substrates came from Cambridge Isotope
Laboratories, Andover, MA). Uptake experiments at TO were done in triplicate using 1 L
polyethylene terephthalate glycol-modified bottles. At T1, T3, and T7 a single replicate of
each treatment was subsampled, and uptake experiments were done in duplicate in 230
mL polycarbonate conical bottles (all bottles were acid washed with 10% hydrochloric
acid and thoroughly rinsed with ultrapure water). After tracer level additions (less than
10% of background concentrations) of '°N and *C-labled substrates were made, bottles
were returned to their respective incubators for approximately 6 hours. Incubations were

terminated by filtering microbial communities (> 0.7 pm) onto combusted (450 °C for 4
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hours) Whatman GF/F filters. During TO incubations, two microbial size fractions (0.7 —
5.0 pum collected on GF/F filters and > 5.0 um collected on Sterlitech silver membrane
filters) were added together to represent the > 0.7 pm microbial community. Filters
were kept fozen (-40 °C) inside 1 mL cryo vials until particulate nitrogen and carbon
concentrations and isotopic enrichment of >N and '3C were measured on a Europa 20/20
isotope ratio mass spectrometer. Absolute uptake rates for '>N-labeled nitrate and '*C-
labeled bicarbonate were calculated according to (Dugdale and Wilkerson, 1986; Hama
et al., 1983) respectively. Nitrate uptake rates were not corrected for isotope dilution
because concentrations of nitrate were greater than 5.5 ymol N L' at all time points, and

isotope dilution is generally negligible when concentrations are high (Baer et al., 2017).

Cell Counts - Phytoplankton cell count samples from the initial (TO) and final days (T7)
of the experiment were preserved with 1% glutaraldehyde, stored refrigerated in the dark
and later enumerated in the lab on a Sedgwick Rafter counting chamber using an inverted
compound light microscope (Accu-Scope 3032), as in (Tatters et al., 2018). All plankton
taxa were identified to the lowest taxonomic level possible according to (Tomas, 1997;
Scott and Marchant, 2005), with special attention to the diatom genera Fragilariopsis and

Pseudo-nitzschia.

Statistical Analysis - We analyzed differential gene expression at TS5 within observed
taxa to determine which genes are responsive to Fe and temperature treatments in each
group. First, we normalized reads mapped to each ORF by the abundance of nuclear reads
assigned to that taxonomic group in total, which controls for changes in community com-
position across treatments. We then used a generalized linear model with one categorical
explanatory variable, with each category representing a unique experimental treatment.
To examine the effect of Fe, temperature, and their interaction on gene expression, we
specified model contrasts. For Fe, we tested the difference between the sum of coefficient
estimates for all Fe treatments, minus the sum of coefficient estimates for all -Fe treatments.
We followed a similar approach for temperature, where we tested the difference between
the sum of coefficient estimates for one temperature treatment versus another temperature
treatment. For both approaches, we divided these differences by the number of treatments

in the sum (i.e. 3 for Fe test and 2 for each temperature test). To test for statistical
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significance, we used empirical Bayes quasi-likelihood F-tests (glmQLFTest in edgeR).
To examine the interaction between Fe and temperature, we set up a contrast to compare
the difference between +/-Fe treatments at constant temperature, and then compared this
difference to a distinct temperature treatment. The test for a significant interactive effect is
based on the difference of these differences — i.e. is the expression of a gene to Fe altered

due to warming? Throughout, we used a p-value cut off of 0.05 for statistical significance.

To examine the effects of iron on gene differential expression and fold-change mag-
nitude, -Fe treatments for all temperatures at TS (-Fe -0.5 °C, -Fe 3 °C, -Fe 6 °C) were
compared to +Fe treatments for all temperatures at TS (+Fe -0.5 °C, +Fe 3 °C, +Fe 6
°C). For temperature effect, -0.5 °C was compared to 3 °C at all iron conditions at TS
(+Fe and -Fe at -0.5 °C vs +Fe and -Fe at 3 °C) and -0.5 °C was compared to 6 °C at all
iron conditions at TS (+Fe and -Fe at -0.5 °C vs +Fe and -Fe at 6 °C). For a gene to be
considered upregulated with temperature, it had to be upregulated in both -0.5 °C vs 3
°C and -0.5 °C vs 6 °C (same rule applied for down regulation). If a gene is upregulated
in one temperature comparison and downregulated in the other, it was not considered
differentially expressed. Fold-change for temperature effect was calculated from -0.5 °C
(+Fe and -Fe) vs 6 °C (+Fe and -Fe).

K.O. term enrichment analysis was performed on significantly upregulated (enriched)
and downregulated (depleted) ORFs separately using KEGG enrichment functions in the
GOstats R package (Falcon and Gentleman, 2007). A hypergeometric distribution test was
used to test for significant enrichment and depletion at p < 0.05. K.O. terms associated

with less than 10 ORFs were excluded from the results.
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3.10.2 Supplemental Results and Discussion

Cobalamin Metabolism - Exogenous vitamin B, (cobalamin) acts as a cofactor in
the cobalamin-requiring methionine synthase enzyme (MetH) found in all diatoms to
synthesize the essential amino acid methionine and facilitate one-carbon metabolism
(Bertrand et al., 2012). Under low cobalamin availability, however, certain diatoms
including Fragilariopsis but not Pseudo-nitzschia, are capable of synthesizing methionine
from homocysteine using a less efficient cobalamin-independent methionine synthase
(MetE) (Ellis et al., 2017; Bertrand et al., 2012). Diatoms also upregulate CBA1, a
cobalamin acquisition related protein, under cobalamin deprivation (Ellis et al., 2017;
Bertrand et al., 2012). Following the initial 24-hour incubation period, CBA1 and MetH
were upregulated in Pseudo-nitzschia after warming at 6 °C (Fig. S3.12), but were
not significantly influenced by iron or temperature following 5-day incubations (Fig.
3.3, S3.12). In contrast, MetE and CBAI transcripts were significantly upregulated in
Fragilariopsis following iron additions after 5-day incubations (Fig. 3.3, S3.12), suggesting
rearranged metabolism to cope with cobalamin deprivation that likely emerged in response

to iron addition (Bertrand et al., 2015).

Rapid cobalamin uptake by Pseudo-nitzschia, facilitated by upregulation of CBA1
after 24 hours, may give it a competitive advantage when cobalamin is available. How-
ever, the ability of Pseudo-nitzschia to maintain vigorous growth without significantly
elevating CBA1 expression after 5 days is notable, and suggests that these two diatoms
may employ different strategies to cope with low cobalamin availability. Fragilariopsis
appears to reduce cobalamin demand through the use of MetE while increasing investment
in acquisition with CBA1. In contrast, Pseudo-nitzschia may 1) have a MetH enzyme that
is more efficient at elevated temperatures compared to Fragilariopsis, 2) employ salvage
and repair of degraded cobalamin complexes (Cohen et al., 2018a) or 3) rely on bacteria in
close physical association for cobalamin supply. Our data show that the overall expression
of genes encoding cobalamin salvage and remodeling proteins were not influenced by
iron status or temperature in Pseudo-nitzschia (Fig. S3.12), despite previous evidence of
their upregulation with iron addition in North Pacific diatoms including P. granii (Cohen
et al., 2017, 2018a). Further work comparing cobalamin uptake and methionine synthase
kinetics between Pseudo-nitzschia and Fragilariopsis, and examining their relationships

with cobalamin producing and consuming bacteria, could provide further insight into how
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these taxa cope with episodic decreases in cobalamin availability.
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3.10.3 Supplemental Figures
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Figure 3.6: A-D) Dissolved nutrient concentrations prior to incubations (day 0), and after
1, 3, 5 and 7 days of incubation with and without added iron at -0.5, 3, and 6 °C. Each
point represents a mean value, where n =2 on day 1, and n=3 on days 0, 3, 5, 7. In A-J,
error bars represent = 1 SD, and fall within the bounds of the symbol when not visible.
E,F) Nitrate and bicarbonate uptake rates prior to incubations (day 0), and after 1, 3, and 7
days of incubation with and without added iron at -0.5, 3, and 6 °C. Each point represents
a mean value, where n = 2 on days 1, 3, 7 and n = 3 on day 0. G) Dissolved nitrogen
(nitrate + ammonium) : phosphate drawdown ratio at T7. Draw down is calculated as the
difference in concentration between T7 and TO.
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Figure 3.7: Triplicate cell count measurements of initial (TO) samples and after 7-day
incubations with and without iron addition at -0.5, 3 and 6 °C. Cells from the various
taxonomic groups were counted and identified using light microscopy. The large variation
in Phaeocystis cell counts at TO could have resulted from difficulties in enumeration of
colonial and single cell forms in the samples, and variability in colony abundance and size
in the relatively small-volume samples used for microscopic cell counts.
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Figure 3.8: Number of significantly differentially expressed open reading frames (ORFs)
belonging to the 30 taxonomic groups identified in the metatranscriptome dataset. Red
= upregulation, blue = downregulation. Differential taxon-normalized expression was
calculated using the quasi likelihood test (g2lmQLFTest) in EdgeR, and p-value cut-off of
0.05 was used for statistical significance. Iron-related DE represents differential expression
patterns observed with and without iron addition at TS5, temperature-related DE represents
differential expression patterns observed due to warming at TS, Iron-Temperature-related
DE represents interactive iron-temperature effect on gene expression (Methods).
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Figure 3.9: KEGG Orthology (K.O.) term enrichment analysis using all Fragilariopsis
ORFs that were annotated with a K.O. number. Black squares correspond to ‘C’ level
annotations that were significantly (p < 0.05) upregulated (Enriched) and/or downregu-
lated (Depleted) at TS by temperature increase or iron addition. Circles correspond to
the individual ORFs used in the analysis for each annotation. Black circles represent
statistically significant (p <0.05) up or down regulated ORFs (positive and negative Log,
fold-change values, respectively). Temperature fold change was calculated using -0.5 °C
vs 6 °C treatments. Iron fold-change was calculated using -Fe vs +Fe treatments at all
temperatures (Methods).
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Figure 3.10: KEGG Orthology (K.O.) term enrichment analysis using all Pseudo-nitzschia
ORFs that were annotated with a K.O. number. Black squares correspond to ‘C’ level
annotations that were significantly (p < 0.05) upregulated (Enriched) and/or downregu-
lated (Depleted) at TS by temperature increase or iron addition. Circles correspond to
the individual ORFs used in the analysis for each annotation. Black circles represent
statistically significant (p < 0.05) up or down regulated ORFs (positive and negative Log,
fold-change values, respectively). Temperature fold-change was calculated using -0.5 °C
vs 6 °C treatments. Iron fold-change was calculated using -Fe vs +Fe treatments at all
temperatures (Methods).
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Figure 3.11: Phylogenetic tree of the plastocyanin sequences (ORFs) comprising the
plastocyanin MCL cluster from both Pseudo-nitzschia (red) and Fragilariopsis (black).
Non-highlighted branch tips represent ORFs in our dataset, with corresponding point
size representing mean taxon-normalized ORF expression. Highlighted branch tip la-
bels represent previously identified plastocyanin sequences retrieved from the MMETSP
dataset (Fragilariopsis kerguelensis 0735, Pseudo-nitzschia heimii_1423, Coscinodiscus
wailesii _1066), JGI (Fragilariopsis cylindrus 272258), NCBI (Thalassiosira oceanica
_EJK71623.1), Cohen et al. 2018 (Pseudo-nitzschia granii), and Moreno et al. 2018
(Pseudo-nitzschia subcurvata). B) Heatmaps of MCL clusters representing and plasto-
cyanin (cluster_1820) in Pseudo-nitzschia and Fragilariopsis measured after 24 hours
(T1) and 5 days (T5) of incubation under the various iron and temperature treatments. I.LE
represents ice edge samples, TO represents in-situ samples before any incubations. Each
block is one biological replicate measurement. Black-filled up or down pointing triangles
represent transcripts that were significantly (glmQLFTest-EdgeR p <0.05) up or down
regulated due to warming at T5.
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Figure 3.12: Heatmaps of MCL clusters involved in B, metabolism in Fragilariopsis and
Pseudo-nitzschia measured after 24 hours or 5 days of incubation under various iron and
temperature treatments. [.E represents ice edge samples, TO represents in-situ samples
processed in the laboratory before any incubations and each block is one biological repli-
cate measurement. CBA1: cobalamin acquisition protein 1; MetH: cobalamin-requiring
methionine synthase; MetE: cobalamin-independent methionine synthase; CobT, CobN:
cobaltochelatase; BluB: gene involved in DMB production; CobB/CobQ: cobyrinic acid
a,c-diamide synthase/ adenosylcobyric acid synthase. Open triangles represent clusters
that were significantly (glmQLFTest-EdgeR p <0.05) up regulated due to iron addition at
T5. Black-filled triangles represent clusters that were significantly (glmQLFTest-EdgeR p
<0.05) down regulated due to warming at T5.
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Pseudo-nitzschia cantig 123893  DLEV-IVEGE RQLFPLLPGT KCPTGHKCEM LGALKDNLKT TLAATMDWHE LNNNINTVVV SDDYCSRRGA MARAAGLAAG VAAVIVAGPA YARETKQVEM
Pseudo-nitzschia contig 128152 DLEV-DVNGQ RQLFPLLPGT ACPTGHICSM MSAVKDNMKD DVSTEMDWDS FNKNLEMVVA SDDYCSRRAA MSRAAGLAAG LAASTIASPA YASETKEVKM
Pseudo-nitzschia cantig 133315 DLEV-VVEGE RKLFPLLPGT KCPTGHKCEM LSALKDNIKS PLTATMDWSE LNNNINTVVV SNDYCSRRSA MARAAGMAAG VAAATIASPA YARETKQVKM
Pseudo-nitzschia cantig 133315  DLEV-VVEGE RKLFPLLPGT KCPTGEKCEM LSALKDNLKS PLTATMDWSE LNNNINTVVV SNDYCSRRSA MARAAGMAAG VAAATIASPA YARETKQVEM
Fragilariopsis cantig 1349917  ---------- —--—--—-—— —CPTGHTCPM ISVIKNNMKT PLAMSINWEE VNNELNIVVV SNNFCTRRAA MAKAAGLAAG VAVATVSQPA YARETKEVRM
Fragilariopsis_contig 1352657  DLEV-IVNVE RELFFLLPGV KCPTGHKCPM MGALKDNLKT PLAATLDWQE ENNELKTVVA SNDFCTRRSA MARAAGLAAG VAAATVSKPA YARETKTVEM
Pseudo-nitzschia cantig 266125 DLEIVS-EGE RELFPLLPGT KCPTGHECPM LGSLKDNIKT PLAATLNWNE LNTNINTVVA SNDYCSRRSA MAKAAGLAAG VAVATVSTPA YARETKDVRM
Fragilariopsis cantig 417868 2 FENMLFVEGE RQLFFLLPGT KCPTGHTCPM VSSLKNNLKT PLAVSMNWQE INKELTSVVN SNEYCSRRNA MSRAAGLAAG AAVATVSMPA YARETKEVEM

Fragilariopsis contig 417868 9 ---------- ——————-———— —-PHWAHLTK VSSLKNNLKT PLAVSMNWQE LNKELTSVVN SNEYCSRRNA MSRAAGLAAG AAVATVSMPA YARETKEVKM
Fragilariopsis contig 585421 2  DLEV-MVAGE RQLFPLLPGT KCPTGHVCPM LGALKNNLKT PLAMAMEWSE LNNNINTVVD SNNRCSRRQA MARAAGLAAG VATATVAQPA FARETKEVEM
Pseudo-nitzschia cantig 646759 —----VVVEGQ RQLFPLLPGT KCPAGHKCSL TKVFRDNYKT TLAAQMDWNE FNNEMNIVVS SNHFCSRRQA MARAAGLAAG VAASTVAMPA YAASTTEVRM
Pseudo-nitzschia contig 100879  DLEV-VMEGE RQLFPLLPGT KCPTGHRCPM LSALKANLKK PLAATLDWQE FNSNLNEVVR SNDYCSRRAA MSRAAGLAAG VAVIAVAQPS YARETKAVRM
Fragilariopsis cantig 685526 1 -————-——-—= —————————— KCPTGHICPM VSSLKNNLKT PLAVSMNWQE ILNKELTSVVN SNEYCSRRNA MSRAAGLAAG AAVATVSMPA YAAETKEVEM

Fragilariopsis cantig 709194 1  DLEV-IVEGE RQLFPLLPGV QCPTGHTCPM IAFLKNNINA PLAMSLNWEE MNNEENTVVV SDHFCTRRAA MAKAAGLAAG VAVATVSQPA YARETKEVKM
Fragilariopsis_contig 851612 1  DLEV-LVDGE RQLFPLLPGV QCPTGHTCPM IGAMKNNMKT PLAMAMNWEE MNNELNIVVV SNSFCTRRAA MAKAAGLAAG VAVATVAQPA YARETKEVEM

F.cylindrus JGI 272258 DLEV-LVEGR RELFPLLPGV QCPTGHTCPM MGSLKNNLKA PLAMSINWGE FNNNMNIVVV SDNFCTRRSA MAKAAGLAAG LSVAAVSQPA YAAETKEVIM
P.granii_Cohen et al_2018 DLEIVS-EGE RELFPLLPGI KCPTGHHCPM LGSLKDNLKT PLAATINWNE ILNTNINIVVA SNDYCSRRSA MAKAAGLAAG VSVAAVSTPA YAAETKDVEM
F. ke.rg'uelensu_HPETSP_7750 FMAIVIRESS RGMLGVGPGI DAAKDSETPM VIALYS--ET SLPETLDWND INTHINIVVR SDNYCSRRNA MARAAGLVAG EDMDYVNSPE IVAETREVEM
F.kerguelensis MMETSP 39158 DLEV-LVDGE RQLFPLLPGV QCPTGHTCPM ISVLKNNMKT QLAMSINWEE MNNELNTVVA SNNFCTRRAA MAKAAGLAAG VSVATVSQPA YARETTKVEM
F.kerguelensis MMETSP 8390 DLEV-MVDGE RQLFPLLPGV QCPTGHTCPL IGAMKNNMKT PLAMAMNWEE MNNELNIVVV SNSFCTRRAA MAKAAGLAAG VAATTVAQPA YAAETKEVKM
F. ke.rg'uele.u::..s HPEISP 13941 DLEV-LVDGE RQLFPLLPGV QCPTGHICPM ISVLKNNMKT QLAMSLNWEE MNNELNIVVA SNNFCTRRAA MAKAAGLAAG VSVATVSQPA YARETTRVEM
F.kerguelensis ! HPETSP 8678 DLEV-LVDGE RQLFPLLPGV QCPTGHTCPL IGAMKNNMKT PLAMAMNWEE MNNEINTVVV SNSFCTRRAA MAKAAGLAAG VAATTVAQPA YAAETKEVRM
T.oceanica NCBI EJK71623.1 DLEL-EINGE RQLFPLLPGT KCPTGHICPM INSLKRNIKT PLAMSMDWID MNGELETVVM SDNFCTRRNA MAKAAGLAAG LSMAAVSAPA YARQTVEVERM
P.heimii MMETSP_7800 DLE-LEINGE RELFPLLPGT KCPTGHHCPM VNSLKNNLKT SLAATLDWND LNINLNIVVA SNDFCSRRAA MARAAGLAAG VAATTVAAPA YAAESKDVKM
P.heimii MMETSP 5254 PM VIALQN--KN DYDSTLRWND INSRINIVVR SDDYCTRRKA LTRAAGLFAG DDAREVKSLE YTAETMYVEM
C. I-E:Llasl HIEISP 11128 DLDLIVEGGE RELFPLLPGT KCPTGHSCPM VGSLKKNYKT TLAATMDWQE LNNNLNIVVR SNDYCTRRSA MARAAGLAAG VSVASVNSPA YARETKEVKM

P. ax.bcurvata Horo et al 2018 DLEIVSESGE RELFPLLPGI KCPTGHHCPM LGSLKDNLKT PLAATLNWNE LNTNLNIVVA SNDYCSRRSA MAKAAGLAAG VAVATVSTPA YARETKDVEM
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110 120 130 140 150 160 170 180

Pseudo-nitzschia_contig 123893  GSDSGGLQFV PAKTAICKGD SVIWINNKGG PENVVFDEDA IPSGVSQESI SMDEQLGDEG DTFTMKFEVA GSYDYYCEPH RG
Pseudo-nitzschia_contig 128152 GIDSGLLAFD PKKITICSGD SVKWINNKAG PHNVVEDEDA IPAGVDQESI SMSEQLGEEG DTFSMKFDKA GTYEYYCEPH RG
Pseudo-nitzschia_contig 133315 GADSGGLQFV PAKTAICKGD SVIWINNKGG PENVVFDEDA IPAGVSQESI SMDEQLGEEG DTFTMKFDTA GSYDYYCEPH RG
Pseudo-nitzschia_contig 133315 GADSGGLQFV PAKTAICKGD SVIWINNKGG PENVVFDEDA IPAGVSQESI SMDEQLGEEG DTFTMKFDTA GSYDYYCEPH RG
Fragilariopsis contig 1349917 GSDSGGLQFI PAKTTICKGD SVKWINNKGG PENVVFDEDA IPGGVSQEAI SMDEQLGEEG DTFVKKFDVA GNYDYYCEPH RG
Fragilariopsis_contig 1352857_  GSDAGGLQFV PAKTSICIGD TVIWVNNKGG PENVVFDEDE IPKGVNQEKI SMDDQLGEEG DTFSMKFDTA GSYSYYCEPH RG
Pseudo-nitzschia_contig 266125 GSDSGQLVEV PAKTTICKGD SVKWINNKGG PENVVFDEDA IPAGVDQEKI SMDDQLGEEG DAFTMKEDTA GEYQYYCEPH RG
Fragilariopsis_contig 417868 2  GTDAGGLQFV PAKISICKGD SVKWINNKGG PENVVEDEEN IPSGVDQEKI SMDDQLGEEG DTFVLKFDVA GDYGYFCEPH RG
Fragilariopsis_contig 417868 9  GTDAGGLQFV PAKISICKGD SVKWINNKGG PENVVFDEEN IPSGVDQEKI SMDDQLGEEG DTFVLKFDVA GDYGYFCEPH RG
Fragilariopsis_contig 585421 2 GIDSGGLQFV PAKTSICKGD SVKWIINKAG PENVVEDEDE IPAGVSQEKI SMEDQLAEEG ESFVMKFDVA GDYSFYCEPH RG
Pseudo-nitzschia_contig 646759  GSDSGQLVEV PASITICAGD TVKWINNKGG PENVVEDEDA IPSGVDQESI SMDEQLGEEG DTFSKKFDTK GPYEYYCEPH RG
Pseudo-nitzschia_contig 100879  GADSGLLVFE PAKTSICKGD SVIWINNKAG PENVVFDEDA IPAGVDQEKI SMDDQLGEEG DTFTMKEDVA GTYEYYCEPH RG
Fragilariopsis_contig 685526 1 GTDAGGLQFV PAKISICKGD SVKWINNKGG PENVVEDEEN IPSGVDQEKI SMDDQLGEEG DTFVMKFDVA GDYGYFCEPH RG
Fragilariopsis_contig 709194 1  GIDSGGLQFV PAKVIVCKGD SVKWINNKGG PENVVFDEDA IPAGVNQEKI SMEDQLGEEG DTFVMKFDTA GDYGYYCEPH RG
Fragilariopsis_contig 851612 1 GSDGGGLQFV PAKVSICKGD SVKWINNKGG PENVVFDEEA IPKGVDQEAI SMDEQLGEEG DTFVKKFDTP GDYDYYCEPH RG

F.cylindrus_JGI_ 272258 GIDSGGLKFV PEKITVCKGD SVKWINNKGG PHNVVFDEDA IPKGVDQEKI SMDEQLGEEG DTFVMKFDEP GSYDFYCEPH RG
P.granii_Cohen et al 2018 GSDSGQLVFV PAKITICKGD SVKWINNKGG PHNVVFDEDA IPAGVDQEKI SMDDQLGEEG DTFTMKFDTA GQYEYYCEPH RG
F.kerg'uelezuxs HHETSP 7750 GSDTGALTFV PHKITICKGD TVKWINNKGG PHNVVFDA-C LPGGVDPELI SMDGQLAFEG DAYAIKFDVP GQYDFYCEPH RQ
F.kerguelensis MMETSP 39158 GSDSGGLQFV PAKVSICKGD SVKWINNKGG PHNILFDEEA IPSGVDSEKI SMDEPLEEEG ETFVKKFDIT GDYDYYCVPH RG
F.kerguelensis MMETSP 8390 GSDGGGLQFV PAKVSICKGD SVKWINNKGG PENVVFDEEA IPKGVDQEAI SMDEQLGEEG DTFVKKFDIP GDYDYYCEPH RG
F.kerguelensis MMETSP 13941 GSDSGGLQFV PAKVSICKGD SVKWINNKGG PHNILFDEEA IPSGVDSEKI SMDEPLEEEG ETFVKKFDIT GDYDYYCVPH RG
F.kerguelensis_] HHETSP 8678 GSDGGGLQFV PAKVSICKGD SVKWINNKGG PHENVVFDEEA IPKGVDQEAI SMDEQLGEEG DTFVKKFDTP GDYDYYCEPH RG
T.oceanica NCBI EJK71623.1 GADSGLLVFE PAKVIVCKGD TVKWINNKAG PHNVVFDEDN IPDGVDQEKI SMDDQLGEPG DTFEMKFDTA GTYGYYCEPH RG
P.heimii MMETSP_7800 GSDSGQLVEV PAKISICKGD SVKWINNKGG PHNVVFDEEN IPSGVDQEKI SMDDQLGEEG DTFTMKFDTA GEYGYYCEPH RG
P.heimii MMETSP 5254 ASDSGALVFV PSKIILCRGD SIEWINNSGE NQKVAFDKDP CVGQE----- -PSPNLRNKG DSFVMKFTIP GEYSFYSIPH RS
C.wailessi MMETSP 11128 GSDSGLLAFV PAKITICKGD SVIWINNKGG PHNVVFDEDG IPDGVSQEAI SMDEQLGEEG ETFTRKFDTP GTYAYYCEPH RG
P.su.bcurvata Horeno et_al 2018 GSDSGQLVEV PAKTTICKGD SVKWINNKGG PHNVVFDEDA IPAGVDQEKI SMDDQLGEEG DAFTMKFDTA GEYQYYCEPH RG

Figure 3.13: Alignment of Pseudo-nitzschia and Fragilariopsis plastocyanin sequences
from our metatranscriptome data and previously identified plastocyanin sequences re-
trieved from the MMETSP dataset (Fragilariopsis kerguelensis 0735, Pseudo-nitzschia
heimii_1423, Coscinodiscus wailesii _1066), JGI (Fragilariopsis cylindrus 272258), NCBI
(Thalassiosira oceanica "EJK71623.1), Cohen et al. 2018 (Pseudo-nitzschia granii), and
Moreno et al. 2018 (Pseudo-nitzschia subcurvata). The alignment was conducted using
Clustal Omega in SeaView v5.0. and was used to construct the maximum-likelihood
phylogenetic tree for plastocyanin in Figure S3.11.
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Figure 3.14: Schematic representations of Pseudo-nitzschia and Fragilariopsis cells show-
ing cellular processes, with each process comprised of several protein clusters (MCL
clusters). Lhcf = light harvesting complexes-f, OEC = oxygen evolving complex, Cyt
bef complex = cytochrome bef complex, PCYN = plastocyanin, Cyt c¢ = cytochrome cg,
NRT = nitrate transporter, NR = nitrate reductase, NiT = nitrite transporter, NiR = nitrite
reductase, AMT = ammonium transporter, GOGAT = glutamine oxoglutarate aminotrans-
ferase cycle, ISIP = iron starvation induced protein. Each row in a heatmap represents
one Markov cluster (MCL), each column represents a temperature and iron treatment at
TS5 with each block representing one biological replicate. Heatmaps were constructed
using taxon-normalized RPKM values. Empty heatmap placeholders represent clusters
found in Fragilariopsis but not Pseudo-nitzschia. Arrows represent energy/electron flow
in photosynthetic light reactions, and steps involved in nitrogen assimilation using nitrate
or ammonium.
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Figure 3.15: Interactive iron-temperature effect on differential expression (DE) of var-
ious clusters. Differential expression was calculated using the quasi-likelihood test
(glmQLFTest) in EdgeR and fold-change was calculated for iron-effect at —0.5 °C vs iron-
effect at 6 °C treatments at TS. Positive and negative Log, fold change values represent up
and down regulation, respectively. Filled circles are clusters with statistically significant
DE (adjusted p-value <0.05). Point size represent total normalized transcript abundance
under all iron and temperature treatments.
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3.10.4 Supplemental Tables

Table 3.1: Projected changes in sea surface temperature and iron availability in the Southern

Ocean.

Temperature Iron

2100

2300

+1.5-2°C(1,2) +0.01 nM m™! (upwelled water) day™' (2)
+0.5-1.5°C(3) -0.002 —-0.006 nM (3)

+6 °C (2) +0.02 nM m!(upwelled water) day ! (2)

1 - (Boyd et al., 2015b), 2 - (Moore et al., 2018), 3 - (Boyd et al., 2008)
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Table 3.2: Top ten BLAST-n search results against NCBI’s nr/nt database for both Pseudo-
nitzschia and Fragilariopsis 18S rRNA query sequences. UE = Uncultured Eukaryote.

18S rRNA sequence Matched Taxa Query Cover E-Value % Identity Accession

Pseudo-nitzschia P. subcurvata 100% le-59 100% KX253952.1
UE 100% le-59 100% KJ758369.1
UE 100% le-59 100% KJ758245.1
Pseudo-nitzschia sp.  100% le-59 100% GU373970.1
UE 100% le-59 100% AY672814.1
UE 100% le-58 99.23% HMS581774.1
P. seriata 100% le-58 99.23% GU373969.1
P. cupsidata 100% le-51 96.15% IJNO091719.1
P. lineola 100% le-51 96.15% IN091717.1
P. turgidula 100% le-51 96.15% F1222752.1

Fragilariopsis E cylindrus 100% 1e-59 100% LC189084.1
UE 100% le-59 100% KJ758397.1
UE 100% le-59 100% KJ758375.1
UE 100% le-59 100% KJ758350.1
UE 100% le-59 100% KJ758343.1
UE 100% le-59 100% KJ758332.1
UE 100% le-59 100% KJ758252.1
UE 100% le-59 100% KJ758212.1
UE 100% le-59 100% KJ758191.1
UE 100% le-59 100% KJ758103.1

Pseudo-nitzschia 18S rRNA nucleotide query sequence:
GTCGCACCTACCGATTGAATGGTCCGGTGAAGCCTCGGGATTGTGGCT GGTTTC-
CTTTATTGGAATCTGCCACAGAACCTGTCTAAACCTTATCATTTA GAGGAAGGT-
GAAGTCGTAACAAGGTTTCC

Fragilariopsis 18S rRNA nucleotide query sequence:
GTCGCACCTACCGATTGAATGGTCCGGTGAGGCCTC GGGATTGTGGTTAGTTTC-
CTTTATTGGAAGTTAGTCCGA GAACTTGTCCAAACCTTATCATTTAGAGGAAG-
GTGAAGTCGTAACAAGGTTTCC
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Table 3.5: Reciprocal BLAST-p search results for ORFs with similarity to DabD-encoding
genes against NCBI’s nr database.

ORF ID Top four BLAST-p hits Taxa Query Cover E-Value % Identity Accession
- Cytochrome P450 F. cylindrus 99% 2e-133 64.62% OEUI10111.1
- Unnamed protein P. multistriata 99% 4e-71 42.95% VEU44693.1
contig_596040_24_938 _-
- DabD P. multiseries 98% 4e-70 42.43% AYD91074.1
- Alkane-1-monooxygenaze F. solaris 96% 2e-61 39.86% GAX28661.1
- Cytochrome P450 F cylindrus 94% le-111 56.48% OEUI10111.1
- DabD P. multiseries 95% 3e-67 41.81% AYD91074.1
contig_625510_955_1881 -
- Unnamed protein P. multistriata 95% 3e-63 41.14% VEU44693.1
- Alkane-1-monooxygenaze F. solaris 94% 6e-58 40.61% GAX28661.1
- Cytochrome P450 F cylindrus 99% 0.0 96.43% OEU10111.1
- Alkane-1-monooxygenaze F. solaris 88% Se-46 35.21% GAX23170.1
contig_82244 851023 _+
- Alkane-1-monooxygenaze F. solaris 88% 2e-45 35.92% GAX28661.1
- DabD P. multiseries 93% 3e-41 32.00% AYD91074.1
- Cytochrome P450 F. cylindrus 93% le-114 77.06% OEU10111.1
- Alkane-1-monooxygenaze F. solaris 84% 4e-41 40.8% GAX28661.1
contig_596040_947_1648_-
- Alkane-1-monooxygenaze F. solaris 84% 2e-40 40.5% GAX23170.1
- DabD P. multiseries 84% 8e-40 37.81% AYD91074.1
- Cytochrome P450 F. cylindrus 100% 4e-110 99.37% OEU10111.1
- Hypothetical protein T. oceanica 98% 3e-43 49.68% EJK45228.1
contig 82244 1395_1877_+
- DabD P. multiseries 99% le-38 47.47% AYD91074.1
- Unnamed protein P. multistriata 98% 2e-37 45.86% VEU44693.1
- TPA: cytochrome P450 Porticoccaceae 100% Se-130 86.07% HAZ79708.1
- Hypothetical protein Porticoccaceae 100% 2e-128 86.07% MAY69286.1
contig 68015223 _630_-
- Cytochrome P450 Porticoccaceae 100% Te-102 69.65% WP_155531439.1
- Hypothetical protein SAR92 99% le-101 69.50% KRP17789.1
- Cytochrome P450 F cylindrus 92% Te-58 43.25% OEU10111.1
- DabD P. multiseries 91% le-32 29.34% AYD91074.1
contig_1109498_1_752 -
- Unnamed protein P. multistriata 91% 6e-31 29.75% VEU44693.1
- Alkane-1-monooxygenaze F. solaris 87% le-24 30.38% GAX28661.1
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Table 3.7: Summary statistics for both assembled contigs and predicted ORFs for all
replicates and treatments combined.

Assembly Assembled Contigs Predicted ORFs from contigs
# contigs (> 0 bp) 1315493 2265230
# contigs (> 1000 bp) 233450 26705

# contigs (> 5000 bp) 1445 0

# contigs (> 10000 bp) 106 0

# contigs (> 25000 bp) 3 0

# contigs (> 50000 bp) 0 0
Total length (> 0 bp) 937746248 689493243
Total length (>1000 bp) 359162487 29719929
Total length (> 5000 bp) 9769226 0
Total length (> 10000 bp) 1394315 0
Total length (> 25000 bp) 84630 0
Total length (> 50000 bp) 0 0

# contigs 795370 384770
Largest contig 33111 3999
Total length 754213377 276614610
GC (%) 43.32 45.72
N50 969 732
N75 710 600
L50 251690 153883
L75 480396 258428
# N’s per 100 kbp 91.56 4.23

# contigs (> x bp): total number of contigs of length > x bp.

Total length (> x bp): total number of bases in contigs of length > x bp.

# contigs: total number of contigs in the assembly for contigs size > 500 bp.

Largest contig is the length of the longest contigs in the assembly.

Total length is the total number of bases in the assembly for using contigs size > 500 bp. GC (%): total number of G and C nucleotides
in the assembly, divided by the total length of the assembly.

N50: length for which the collection of all contigs of that length or longer covers at least half (50%) the total base content of the
Assembly. It serves as a median value for assessing whether the Assembly is balanced towards longer contigs (higher N50) or shorter
contigs (lower N50). N75 is used for the same purpose but the length is set at 75% of total base content instead of 50%.

L50: number of contigs equal to or longer than the N50 length. In other words, L50, is the minimal number of contigs that contain half
the total base content of the Assembly. L75 is used for the same purpose in reference to the N75 length.

# N’s per 100 kbp: average number of uncalled bases per 100,000 assembly bases.
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Table 3.8: Total number of raw and trimmed reads, mRNA and rRNA contribution to the
trimmed reads, number of mapped mRNA reads, and total number of predicted ORFs for
all individual replicates and treatments.

Treatment Raw Reads Trimmed Reads mRNA rRNA rR?\;I Mapped Reads MappZ; Reads # ORFs
Ice Edge 28492536 27232733 25443952 1783781  6.6% 18226962 71.6% 826190
TO_A 45575920 38947343 33358200 5589143 14.4% 23296503 69.8% 852002
T0 B 19375404 17965033 15308130 2656903  14.8% 10733771 70.1% 577573
TO0_C 46579930 38952747 28025278 10927469 28.1% 20712096 73.9% 638446
T1_-Fe_-0.5 °C 21205314 19401307 17366099 2035208 10.5% 12812358 73.8% 576148
T1_+Fe_-0.5 °C 38041776 35740347 32575458 3164889  8.9% 23588683 72.4% 1025062
T1 -Fe 3 °C 35349994 32732641 28188283 4544358 13.9% 20572627 73.0% 916171
T1 +Fe 3 °C 34477352 33059336 29594763 3464573  10.5% 21540022 72.8% 1008607
T1 -Fe 6 °C 32027512 30406112 26596077 3810035 12.5% 18668646 70.2% 887919
T1_+Fe_ 6 °C 29129438 27409840 23359243 4050597 14.8% 17033876 72.9% 825869
T5_-Fe_-0.5°C_ A 37671290 33464510 28737672 4726838 14.1% 20375592 70.9% 986301
T5 -Fe -0.5°C.B 30654564 29139435 26199569 2939866 10.1% 18903422 72.2% 1031680
T5 -Fe -0.5°C_C 40290894 36930817 32542651 4388166 11.9% 23560702 72.4% 1128714
T5 +Fe -0.5°C_A 39948682 38527552 34406982 4120570  10.7% 25220490 73.3% 1080944
T5 +Fe -0.5°C_ B 38691956 35399483 29137122 6262361 17.7% 21608015 74.2% 1003994
T5 +Fe -0.5°C_C 36287660 34523817 30608808 3915009 11.3% 22940050 75.0% 1013086
T5 -Fe 3°CA 34696294 33814638 30373744 3440894 10.2% 22017380 72.5% 1161828
T5 -Fe 3°C B 31585290 30088753 27450391 2638362 8.8% 19637249 71.5% 1084754
T5 -Fe 3°C_C 35546072 32177978 27306946 4871032 15.1% 18999285 69.6% 853823
T5 +Fe 3°C_A 28153060 26415130 24099272 2315858 8.8% 17773329 73.8% 803545
T5 +Fe 3°C B 46637782 41924346 34537148 7387198 17.6% 26251536 76.0% 975259
T5 +Fe 3°C_C 22038026 20474922 17797508 2677414  13.1% 13314623 74.8% 636362
T5 -Fe 6 °C_A 34470852 32034859 28986089 3048770  9.5% 21576040 74.4% 954425
T5 -Fe 6 °C B 28342516 27016685 22841677 4175008 15.5% 16929366 74.1% 692317
T5_-Fe 6 °C_C 35887516 35118299 28397352 6720947 19.1% 20889743 73.6% 971567
T5_+Fe 6 °C_A 31556152 29705369 26100052 3605317 12.1% 19817298 75.9% 733987
T5_+Fe 6 °C_ B 40514850 38946408 35004303 3942105 10.1% 26683763 76.2% 971080
T5 +Fe 6 °C_C 24900074 23356091 19248203 4107888 17.6% 14118461 73.4% 647783
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Table 3.9: Number of reads assigned to Fragilariopsis and Pseudo-nitzschia for all treat-
ments and replicates.

Treatment Fragilariopsis Pseudo-nitzschia
Ice Edge 604153 149926
TO_A 792326 265315
TO_B 324368 87393
T0_C 444067 132386
T1_-Fe_-0.5 °C 525883 141403
T1_+Fe_-0.5 °C 1389023 422961
T1_ -Fe 3 °C 1032805 285845
T1_+Fe_3 °C 1298385 452981
T1_-Fe 3 °C 1270679 501788
T1_+Fe3 °C 896978 305966
T5_-Fe -0.5 °C_A 2366719 872030
T5 -Fe -0.5°C_B 1783721 642148
T5_-Fe_-0.5°C_C 2192675 875719
T5 +Fe -0.5 °C_A 2618615 833378
T5_+Fe -0.5 °C_B 2381675 694578
T5 +Fe -0.5 °C_C 3172422 1140824
T5 -Fe 3°C_A 2433791 1503958
T5_-Fe 3°C_B 1871392 1150238
T5 -Fe 3 °C_C 1348818 715756
T5 +Fe 3 °C_A 2531661 1003347
T5 +Fe 3 °C_B 3390565 1619939
T5 +Fe 3°C_C 2199219 909139
T5 -Fe 6 °C_A 2406422 2404759
T5_-Fe_6 °C_B 2216364 2339347
T5_-Fe 6 °C_C 3528660 2814964
T5_+Fe_6 °C_A 2772000 1577368
T5 +Fe 6 °C_B 4251421 2819891
T5 +Fe 6 °C_C 2445033 1409944
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CHAPTER 4

METAPROTEOMIC INSIGHTS INTO
ELEMENTAL STOICHIOMETRY IN A
CHANGING SOUTHERN OCEAN

This chapter will be submitted for peer review in the near future.
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4.2 Abstract

Changes in iron (Fe) availability and temperature occur at various spatial and temporal
scales across the Southern Ocean (SO). We currently have a limited understanding of how
phytoplankton interact with these changes, which restricts our descriptions and predictions
of ecological and biogeochemical processes. Here we performed shipboard incubations
in the Weddell Sea and examined the phytoplankton communities’ responses to alter-
ations in Fe and temperature. We combined elemental measurements with metaproteomics
to explore taxon-specific and whole-community characteristics that underpin fitness and
elemental stoichiometry under change. Fe addition (+2 nM) increased growth and macronu-
trient consumption, but warming alone (+2 °C) did not. When Fe and temperature were
increased concurrently, the increase in growth and macronutrient drawdown was ampli-
fied beyond that observed under Fe addition alone. We found that increased ribosomal
abundance coincided with increased growth under high Fe conditions, but less so with con-
current warming. This is consistent with the growth rate hypothesis and shows evidence for
translation compensation. However, ribosomal abundance was decoupled from N:P, which
suggests other factors, besides ribosomal abundance, are important drivers of changes in
N:P stoichiometry. Further, we quantitatively linked the abundance of metalloproteins with
the accumulation of metal cofactors. Notably, we associated the complete consumption of
manganese mainly with its use in manganese-cluster proteins under high Fe, and increased
use in other proteins like superoxide dismutase under low Fe. Our results identify impor-
tant mechanisms that modulate the stoichiometry of nutrient use in phytoplankton, and
highlight proteomic traits that can be used to improve our understanding of carbon and

nutrient cycling in the SO and beyond.
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4.3 Introduction

Phytoplankton drive productivity in higher trophic levels (Pauly and Christensen, 1995),
influence elemental cycling in the ocean (Arrigo, 2005), and contribute to the export and
long-term burial of atmospheric carbon (Eppley and Peterson, 1979; Volk and Hoffert,
1985). Knowledge of phytoplankton elemental composition and its controls is therefore
critical for understanding marine ecosystems and biogeochemical cycles. Cellular proteins,
which are used to maintain various metabolic processes, are important drivers of phyto-
plankton elemental composition. In addition to being the main reservoirs of nitrogen (N)
in phytoplankton, proteins can influence elemental composition in several ways. Many
proteins are involved in nutrient transport and underpin the uptake of various elements
from the environment into the cell. Proteins are also the primary reservoirs of trace metals
within phytoplankton (Twining and Baines, 2013) as many proteins require metal cofactors
to function. Further, ribosomal RNA-protein complexes (protein;:RNA; g by weight),
which are used for protein synthesis in every living organism, are phosphorus (P) rich and
their prevalence within cells can make them a major reservoir of P (Geider and La Roche,
2002). Studying the proteome landscape of phytoplankton cells is a promising avenue for
examining the underpinnings of phytoplankton elemental composition, and may ultimately

improve our understanding of elemental stoichiometry in the ocean.

Iron (Fe) and temperature are important drivers of phytoplankton growth and could
individually, or together, limit primary production in the Southern Ocean (SO) where
both Fe availability and temperature are low. Fe is used as a cofactor in many proteins
involved in photosynthesis, respiration, nutrient uptake and oxidative stress management
(Raven, 2013b). Temperature directly influences enzymatic turnover rates, including the
rates of many Fe-containing enzymes, and therefore plays an important role in influencing
phytoplankton metabolism and growth (Eppley, 1972; Raven and Geider, 1988). Fe and
temperature can also interactively influence phytoplankton growth and physiology. For
example, warming can improve Fe use efficiency which leads to enhanced nitrogen fixation
even when Fe availability is low (Jiang et al., 2018; Yang et al., 2021). Warming can also
improve growth rates and primary production under low Fe availability by reducing Fe
demand (Rose et al., 2009; Jabre and Bertrand, 2020; Jabre et al., 2021), and concurrent

increases in Fe and temperature have been shown to have a synergistic influence on growth,
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where the effect of warming and increased Fe together exceeds the sum of the individual
effects of either variable (Rose et al., 2009; Jabre et al., 2021; Boyd and Hutchins, 2012).
The majority of these Fe-temperature interaction studies have been conducted in temperate
regions, or in the Ross Sea, SO. It is therefore important to understand how fluctuations in
Fe and temperature could influence phytoplankton growth and ecology in other regions

like the Weddell Sea, SO.

Within the SO, the Weddell Sea is a globally important site for deep water formation,
where cold dense water sinks into the Antarctic Bottom Water, exporting large amounts
of heat and carbon from the atmosphere, as well as other elements, in the process (Orsi
et al., 1999; Meijers et al., 2023). A fraction of Weddell Sea surface water is also ad-
vected northward, carrying macronutrients that fuel primary productivity at lower latitudes
(Sarmiento et al., 2004). Evidence shows rapid warming of Weddell Sea deep water, with
large implications for nutrient export and global ocean circulation patterns (Quéré et al.,
2007; Strass et al., 2020). In contrast to the rapidly warming deep water, no significant
warming has been observed in Weddell Sea surface water for the past few decades, and
surface warming is not predicted to be as severe by the end of the century (Turner et al.,
2005; Conil and Menéndez, 2006; Strass et al., 2020). The Weddell Sea surface is however
subject to short-term temperature fluctuations caused by various weather processes like
polar cyclones (Jena et al., 2022). In addition, Fe availability in the Weddell Sea may also
change under both future climate scenarios and in the short term, but our understanding,
and consequently our predictions, of these processes are highly variable (Tagliabue et al.,
2016). Both the amount and stoichiometry of nutrients that are exported to the deep ocean
or advected northward from the SO are influenced by phytoplankton growth, and the
elemental requirements of different phytoplankton groups under different environmental

conditions.

Trait-based approaches for studying phytoplankton have contributed greatly to our
understanding of phytoplankton biology and ecology. Functional traits can be defined as
“morphological, physiological or phenological features measurable at the individual [or
community] level, and influence organismal fitness” (Violle et al., 2007). Some established
traits include cell size, photosynthetic capacity, elemental composition, and more recently,
genomic composition and gene expression at the transcript level (Litchman and Klausmeier,

2008; Finkel et al., 2010; Coles et al., 2017). These approaches have yielded extensive
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insights into the controls of phytoplankton growth and metabolic processes. Additionally,
their utility for quantifying the connection between gene expression, growth, and ecological
processes shows promise but has not been developed. This, in addition to our limited
understanding of how different phytoplankton groups interact with environmental change,
has constrained our ability to integrate additional flexibility into Earth system models to

increase their descriptive and predictive capacity.

Recently, McCain et al. (2022) introduced coarse-grained protein allocation as a
possible way to define new traits. A proteomic trait can be defined as ‘““a characteristic
of an organism at the proteome-level, that includes both the abundance and identity of
a protein (or group of proteins), and is connected to organismal fitness or performance”
(McCain et al., 2022). Some of these proposed traits include ribosomal protein allocation,
and the proportion of the proteome that does not change in response to a variable environ-
ment. Proteomic measurements in phytoplankton may therefore add another dimension
to traditional trait-based approaches, where the abundance of certain proteins can be

linked to meaningful cellular characteristics, and ultimately ecological and biogeochemical

Processes.

Untargeted metaproteomics workflows can characterize a suite of proteins/protein
groups within a single mass spectrometry experiment, making them valuable for examining
proteomic traits within phytoplankton communities (Hettich et al., 2013). However,
without quantifiable peptide standards (which are costly and reduce throughput), the
relative abundance measurements produced with these methods can be subject to biases
arising from heterogeneous sample complexity and changes in community composition
between samples. Further, the signal intensity (i.e. relative abundance) arising from
different peptides within a sample is influenced by a variety of factors like the chemical
properties of the peptide, in addition to the actual abundance of the peptide being measured.
One way to mitigate the variability surrounding individual peptide measurements is to use
a ‘coarse-grained’ approach where peptides are binned into larger protein groups (e.g. all
peptides from different photosynthetic proteins are considered a ‘photosynthetic protein’
group), and/or only using proteins with a sufficient number of matching peptides (McCain
et al., 2022). Coarse graining reduces biases, and allows us to meaningfully compare the
relative abundance of different protein groups within and between samples, and might

make it possible to convert relative abundance measurements into absolute protein amounts.
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Ribosomal abundance is a potentially valuable proteomic trait as ribosomes play an
important role in organismal growth and elemental stoichiometry. The growth rate hypoth-
esis postulates that increased growth rate requires increased ribosomal abundance, which
in turn increases cellular rRNA and P content, and decreases cellular N:P (Sterner and
Elser, 2002). This hypothesis has been mainly formulated from observations of laboratory
cultures of non-photoautotrophs, and skepticism remains about its general applicability in
phytoplankton (Flynn et al., 2010). A better understanding of how ribosomal investment
influences phytoplankton growth may therefore be fruitful for understanding and predict-
ing primary productivity and N:P stoichiometry in a changing ocean. The abundance of
different metalloproteins may also be a useful proteomic trait as these proteins are highly
responsive to change and could impact organismal success under different environmental
conditions (Twining and Baines, 2013; Schoffman et al., 2016). Metalloproteins can also
be directly linked to trace metal stoichiometry since the majority of the cellular trace metal
reservoir is bound to proteins (Twining and Baines, 2013). Our knowledge of trace metal
interactions within phytoplankton has been focused on on Fe-containing metalloproteins
and their contribution to cellular Fe, mainly due to a high metabolic requirement for
Fe within phytoplankton and its potential for being a limiting nutrient in much of the
world’s oceans (Martin et al., 1991; Moore et al., 2001). However, other trace metals
like manganese, copper, and zinc also play critical roles in phytoplankton metabolism
and could have complex metabolic interactions with Fe in phytoplankton cells (Peers and
Price, 2004; Schoffman et al., 2016). Challenges in conducting ultra-clean work in the
field have made it difficult to verify laboratory observations of trace metal utilization in
phytoplankton under different environmental conditions. Examining metalloproteins in the
field could improve our understanding of trace-metal use within phytoplankton cells and

across phytoplankton communities under change.

The response of phytoplankton growth to environmental change influences primary
productivity, the biological carbon pump, and the cycling of nutrients in the ocean. Un-
derstanding phytoplankton elemental composition and its stoichiometric controls can
provide insight into the underpinnings of phytoplankton growth and consequent effects
on ecological and biogeochemical processes (Kwiatkowski et al., 2018). In this study, we

incubated phytoplankton communities in the Weddell Sea for eight days under a matrix
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of high and low Fe and temperature conditions and examined the proteomic profiles of
these communities using metaproteomics. We identified possibly useful proteomics traits
for understanding how changes in Fe and temperature influence growth and elemental

stoichiometry.

4.4 Results and Discussion

4.4.1 Initial environmental conditions

We incubated phytoplankton communities from two different locations in the Weddell
Sea (Figure 4.1A) under a matrix of in situ and increased Fe and temperature conditions.
The water temperature at sampling depth was warmer at the BA1 location compared to
the BA2 location, measuring -0.3 + 0.3 °C and -1.4 £ 0.3 °C, respectively (Figure S4.6).
We could not confidently compare DFe concentrations between the two locations due
to Fe contamination in some of our TO samples, but our measurements suggest that Fe
availability was very low at both sites (< 0.1 nM) (Figure 4.1B). The initial dissolved
trace metal concentrations of manganese (DMn), cadmium (DCd), zinc (DZn), and copper
(DCu) were generally lower in BA1 than in BA2 (Figure 4.1B, Figure S4.7). The initial
dissolved nitrate (NO3 ), phosphate (POi’) and silicate (Si) (measured as silicic acid,
Si(OH)4) were also slightly lower in BA1 than in BA2 (Figure 4.1 C, D, Figure S4.7).
These differences in dissolved nutrients were likely driven by distance from shore, where
BA2 would have been exposed to a larger influx of nutrient and metal-rich water from
the ice edge, or from upwelling in shallower waters. We note that in both bioassays,
macronutrient concentrations were high at TO and remained high after eight days of

Fe-temperature incubations.

4.4.2 Metaproteomics overview

We used mass spectrometry-based metaproteomics to examine phytoplankton community
composition and functional traits. Here we provide a general overview of our metapro-

teomics data, and assess their suitability for addressing our research questions.

Our quality control analyses of the raw mass spectrometry (Figure S4.8, S4.9, S4.10)
showed that samples corresponding to injections 48-58 (Table S4.2) exhibited lower Total
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Ion Current (TIC) and matched peptide abundance, and reduced number of MS scans
relative to the other samples. This indicates poorer sample quality relative to other samples,
which was likely caused by a fire in an adjacent laboratory and subsequent power outage
that occurred while these specific samples were being prepared. Upon closer examination,
we found that the protein expression patterns within these samples were consistent with
other biological replicates of the same treatments. We therefore determined that despite the
compromised sample preparation quality, these samples remained informative and suitable
for subsequent analyses. We emphasize here that comprehensive data quality assessments
are crucial for identifying anomalous samples that may bias downstream bioinformatics

and data inference.

Next, we evaluated whether a metatranscriptome database created from Ross Sea
samples (Jabre et al., 2021) was suitable for use in peptide matching in these samples.
Having a suitable database is a critical factor in metaproteomics experiments as database
choice influences the number of unique peptides (and ultimately proteins) that can be
observed, and affects the perceived abundance of these peptides (Eng et al., 2011; Tanca
et al., 2016; Kumar et al., 2017; McCain et al., 2022). Using this unmatched database,
we found 37,472 unique peptides across all samples (Figure 4.11), approximately 2x
more than previously observed using this same database on Ross Sea protein samples
collected with the samples used to prepare this metatranscriptome (McCain et al., 2022).
This difference is likely due to our measurement of a larger number of samples under
different environmental conditions, and the inclusion of variable peptide modifications in
the database search parameters, which allowed for more flexibility in finding chemically
modified peptides. We were also able to match 15-35% of TIC and 20-50% of all peptide-
like feature abundance (Figure S4.12), which is consistent with good database suitability
(McCain et al., 2022) despite our database not being sample-specific (paired). The relatively
low eukaryotic microbial diversity throughout the SO (Raes et al., 2018) may have been
advantageous in our case, as it may reduce the disparity between proteomics samples and
reference databases derived from spatially and temporally separated locations within the
SO.

We examined the correlations between three different abundance metrics that were
calculated independently of database influence (TIC and peptide-like feature abundance)

and after database searching was completed (matched peptide abundance) (Figure S4.12).
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We found a strong correlation between matched peptide abundance and TIC (R? = 0.97),
and between matched peptide abundance and peptide-like feature abundance (R? = 0.96),
with no notable outliers (Figure S4.12). This suggests that our database suitability was
consistent across all samples. We also observed a strong correlation between peptide-like
feature abundance and TIC (R? = 0.99) (Figure S4.12) which indicates that contamination

levels were also consistent across samples.

The strong correlations between database dependent and database independent abun-
dance metrics provided us with the flexibility to select between database-dependent or
database-independent normalization factors for normalizing peptide abundance. Unless
otherwise stated, we normalized peptide abundance using database-dependent and sample-
specific normalization factors. That is, we normalized the abundance of proteins of interest
by the total abundance of all matched peptides in each sample (see Materials and Methods

section for more details).

4.4.3 Growth and nutrient drawdown

We observed clear signatures of Fe limitation in both bioassay experiments, consistent
with the low DFe measurements. When we supplemented the community with Fe, the
photosynthetic efficiency of PSII, measured as F,,/F,, , was significantly increased (BA1,
BA2 p < 0.001) (Figure 4.1E) . F,,/ F,, has been used extensively as a general indicator
of Fe stress in cultures and in the field (Greene et al., 1992; Olson et al., 2000; Jabre and
Bertrand, 2020), but may be influenced by other stressors like low Mn-availability (Wu
et al., 2019) (Figure S4.13). The addition of Fe significantly enhanced phytoplankton
net growth, measured as the accumulation of total chlorophyl-a (chl-a) (BA1l, BA2 p =
0.002) and particulate organic carbon (POC) (BA1, BA2 p < 0.001) (Figure 4.1EG) . As
expected, this increase in growth coincided with increased drawdown of NO; ', (BA1, BA2
p < 0.001) and POi’ (BA1, BA2 p < 0.001) in both bioassays (Figure 4.1), and Si in BA1
(p < 0.001) (Figure S4.7). Fe-limited phytoplankton growth has been well documented in
the SO, and is one of the main reasons why the SO is considered a high (macro)nutrient
— low chlorophyl (HNLC) region (de Baar et al., 1990; Martin et al., 1990; Boyd et al.,
2000).

Warming, without Fe addition, did not cause notable changes in F,/F,,, (BAl p =
0.40, BA2 p = 0.79) consistent with SO phytoplankton culture results (Jabre and Bertrand
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2019), and had no effect on chl-a (BA1 p=0.97, BA2 p = 0.83), or POC (BA1 p =0.18,
BA2 p =0.17) (Figure 4.1). It also did not significantly influence the drawdown of NO;
(BA1p=0.29, BA2 p=0.68) or PO}~ (BA1 p=0.19, BA2 p = 0.33) (Figure 4.1). Warming
has been shown to increase Fe-limited phytoplankton growth and nitrogen fixation in the
absence of added Fe (Rose et al., 2009; Jiang et al., 2018; Jabre and Bertrand, 2020; Yang
et al., 2021; Jabre et al., 2021), yet it did not benefit the Fe-limited the phytoplankton
communities in our bioassays. This could be attributed to the slight increase in temperature
we used (42 °C) compared to other studies (4 >3 °C), which may not have been sufficient
to improve Fe-use efficiency. This suggests that small changes in temperature without
increased Fe availability may not cause large ecological or biogeochemical impact in the
Weddell Sea, unlike other sectors in the SO like the Ross Sea or the Antarctic Peninsula,
where larger temperature changes are predicted (Vaughan et al., 2003; Turner et al., 2005).
Further, taxonomic composition may also influence the average community’s response
to warming, where for example, a phytoplankton community with a high fraction of

temperature-responsive pennate diatoms could appear to benefit from slight warming.

Despite no notable temperature effect under low Fe, we observed a significant syn-
ergistic Fe-temperature influence on chl-a (BA1 p = 0.02; BA2 p < 0.001) and POC
accumulation (BA1, BA2 p < 0.001), and on the drawdown of NO; (BA1, BA2 p <
0.001) and PO?~ (BAI p = 0.01, BA2 p < 0.001) (Figure 4.1). That is, when warming
occurred concurrently with Fe addition, a larger increase in growth and nutrient drawdown
was observed relative to the individual effects of Fe addition and warming. This is consis-
tent with an interactive Fe-temperature effect (Rose et al., 2009; Jabre et al., 2021), and
suggests that in the event of increased Fe availability, growth and nutrient consumption
in SO surface waters could be magnified even under slight warming. Increased nutrient
consumption from the SO surface water could reduce nutrient supply to lower latitudes

where these nutrients fuel primary productivity (Primeau et al., 2013; Moore et al., 2018).
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Figure 4.1: A) Locations of bioassayl (BA1) and bioassay2 (BA2) in the Weddell Sea,
Southern Ocean. B) Initial (TO) dissolved iron (DFe) and manganese (DMn) concentrations
at both bioassay locations. Only one replicate was available for DFe measurements in BA1
due to contamination of the sample. C) Dissolved nitrate (NO; ) concentrations on TO and
every other day of the incubation period. D) Dissolved phosphate (PO? ™) concentrations on
TO and every other day of the incubation period. Note that both NO3 and PO}~ were still
in excess at the end of both bioassay incubations regardless of treatment. E) Photosynthetic
efficiency of PSII (F, / F,,, , unitless) on TO and after 8 days of iron-temperature incubations
(T8). F) Total chlorophyl a (chl-a) concentrations on TO and T8. G) Particulate organic
carbon (POC) concentrations on TO and T8. F) H) Ratio of silicic acid (Si) to nitrate
(NOj3) drawdown (M:M) calculated using Si and NO5; measurements between T2 and T8
of iron-temperature incubations. Error bars represent £1 SD and fall within the bounds of
points when not visible.
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4.4.4 Si:NO; drawdown

We examined the ratio of Si drawdown relative to NO; (Si: NO3') and found generally
higher Si: NO3 drawdown in BAI than in BA2 (Figure 4.1H). This suggests that Si-
requiring organisms, like diatoms, were more abundant in BA1 than in BA2, and that
non-Si requiring organisms formed a larger portion of the phytoplankton community in
BA?2 compared to BA1. We also found that Fe addition significantly decreased Si:NO;
drawdown in both bioassays (BA1l, BA2 p < 0.001) and warming slightly increased
this ratio only in BA2 (p = 0.02). Note that the lowest S1:NO3; drawdown ratios we
observed in BA1 and BA2 were ~1 and ~0.5, respectively, in the Fe-replete treatments.
The decrease in Si: NO; with Fe addition might indicate a reduction in the diatom
fraction of the phytoplankton community. However, this is likely not the case here —
see community composition discussions below. Another reason for this is that diatom
Si consumption is influenced by Fe availability. Diatoms consume Si and N in roughly
equimolar amount (Si:N ~ 1) when grown under nutrient replete conditions (Brzezinski,
1985), but increase their Si consumption relative to N (Si:N > 1) when grown under Fe
limitation (Hutchins and Bruland, 1998; Takeda, 1998). The decrease in Si:NO; drawdown
after Fe addition was therefore likely caused by an alleviation of Fe-limited diatom growth
in both bioassay experiments. Enhanced frustule silicification under low Fe could be
advantageous to diatoms as it protects against grazing (Assmy et al., 2013; Ryderheim
et al., 2022), and increases sinking to deeper waters (Petrucciani et al., 2023) where trace
metal availability may be higher. As such, changes in Fe availability could influence food
web dynamics by altering grazer composition and grazing strategies, and may have serious
implications for carbon and nutrient export by influencing sinking rates (Waite and Nodder,
2001). The relationship between Si drawdown and Fe availability could also influence the
stoichiometry of Si transfer out of the SO, with consequences for nutrient limitation and

phytoplankton community composition.
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4.4.5 Phytoplankton community composition

We performed NMDS ordination analyses on pigments, flow cytometry, and metapro-
teomics data to examine general similarities and dissimilarities between samples from the
two bioassay experiments. All three data types showed that TO samples in BA1 clustered
separately from the TO samples in BA2 (Figure 4.2A, B, C). In the flow cytometry and pro-
tein data, samples from BA1 and BA2 remained distinctly clustered regardless of treatment,
but Fe supplementation caused additional clustering within each experiment. In the pig-
ment data, Fe addition led to a more pronounced clustering pattern, where Fe-replete BA1
and BA2 samples clustered together, and separately from the low Fe samples. Temperature
did not cause a notable impact on sample clustering. All together, these clustering patterns
indicate that the microbial communities were distinct at the two bioassay locations, and

that Fe addition caused a bigger change in community composition relative to temperature.

Pigment-based community composition — We then explored these broad community
composition trends in more detail using the pigment and metaproteomics measurements.
For this, we calculated community composition as a fraction of total chl-a concentration
using pigments (i.e., taxon-specific pigment(s) / total chl-a), or as a fraction of total
matched protein abundance using metaproteomics (i.e., taxon-specific protein abundance /

abundance of all matched proteins).

Our pigment data identified diatoms and haptophytes as the most abundant taxa in
both bioassays, collectively accounting for 92-98% of total chl-a. The diatom fraction
was higher in BA1 (63-81%) relative to BA2 (38-71%), while the haptophyte fraction
was lower in BA1 (18-36%) relative to in BA2 (29-50%). In both bioassays, Fe addition
caused a significant increase in the diatom fraction (BA1, BA2 p < 0.001) and a significant
decrease in the haptophyte fraction (BA1, BA2 p < 0.001). There was no significant

temperature effect on pigment taxonomic composition (Figure 4.2D).

Protein-based community composition — We analyzed our protein data at a taxonomic
resolution comparable to pigments, and at a finer resolution to examine the phytoplankton
communities in more detail. Our protein data also identified diatoms and haptophytes
as the most abundant taxa in both bioassays, collectively accounting for 41-68% of the

total matched protein abundance (hereafter interchangeably referred to as total protein,
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but not to be confused with bulk protein concentrations measured through bicinchoninic
acid assay (BCA) or estimated from particulate nitrogen (PN)). Similarly, the diatom
contribution to total protein was higher BA1 (30-52%) relative to BA2 (21-33%), while
the haptophyte contribution was lower in BA1 (8-12%) relative to in BA2 (22-40%). In
contrast to the pigment data, however, Fe addition caused no significant change in the
diatom fraction in either bioassay (BA1 p = 0.52; BA2 p = 0.59) and caused significant
increase in the haptophyte fraction in BA2 (BA1 p = 0.63; BA2 p = 0.04). We did not
observe a significant temperature effect on protein taxonomic composition (Figure 4.2E).
We note here that 8-13% of matched peptides that could not be resolved beyond the
eukaryote level were histone peptides (Figure S4.15), which are highly conserved across
species. If these peptides were to be assigned a specific taxonomy, they could increase the
relative abundance of each taxonomic group but would unlikely influence the taxonomic

composition.

Both pigment and metaproteomics data (Figure 4.2) are consistent with the Si:NO;
consumption measurements (Figure 4.1H), showing that diatoms were a larger portion of
the phytoplankton community in BA1 relative to BA2, and that haptophytes were a larger
portion of the phytoplankton community in BA2 relative to BA1 (Figure 4.2D, E). However,
the contrast in how pigment and protein measurements show the effect of Fe addition on
community composition is notable, and may stem from fundamental biological differences
in how these pools of cellular materials respond to change. Pigment measurements
describe pigment-containing (i.e., photosynthetic) organisms, and can therefore be biased
by changes in pigment content of these organisms. For example, phytoplankton can have
vastly different intracellular pigment concentrations when grown under Fe-limited vs Fe-
replete conditions (Kosakowska et al., 2004; van Oijen et al., 2004; DiTullio et al., 2007;
van Leeuwe and Stefels, 2007). Conversely, protein measurements can capture all proteins
(photosynthesis-related or not) in both photosynthetic and non-photosynthetic organisms.
Our results show that in conditions where intracellular pigment concentrations can be
severely impacted, such as changing Fe availability, metaproteomics may provide a more
accurate representation of community biomass composition. Integrating high-throughput
microscopy cell counts and biovolume estimates with pigments and metaproteomics
measurements could provide better insight into microbial community composition under

change (see Pierella Karlusich et al. (2022) for discussion on using high-throughput
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imaging in plankton surveys).
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Figure 4.2: Phytoplankton community composition is unique at each bioassay location,
with diverse taxonomic responses to changes in iron and temperature. A) Non-metric
multi-dimensional scaling (NMDS) plot using pigment abundance measurements at TO and
T8. NMDS model stress value = 0.03. B) NMDS plot using size-fractioned flow-cytometry
measurements at TO, T2, T4, T8. NMDS model stress value = 0.07. C) NMDS plot using
peptide abundance values at TO and T8. NMDS model stress value = 0.12. Figure S4.14
shows the NMDS model fit tests for A, B, and C. D) Heatmap showing the fractional
contribution of various phytoplankton taxonomic group pigments to total chlorophyll
a. E) Heatmap showing the fractional contribution of various phytoplankton and other
taxonomic group peptides to total peptide abundance. We changed the scale in lower panel
in E) for clarity. In D and E, each square represents the mean of triplicate measurements.
F) The pennate diatom fraction of total protein abundance. G) The centric diatom fraction
of total protein abundance. H) The Phaeocystis sp. fraction of total protein abundance.
Total protein abundance was calculated as the sum of all matched peptide intensities. Error
bars represent = 1 SD and fall within the bounds of points when not visible.
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Community composition at a higher resolution — Upon further examination of the
diatom and haptophyte protein groups, we found that diatom protein was primarily com-
posed of centric diatoms (predominantly Chaetoceros sp. and Thalassiosira sp.) and to
a lesser extent pennate diatoms (predominantly Fragilariopsis sp. and Pseudo-nitzschia
sp.) (Figure 4.2F, G, H, Figure S4.15), and haptophyte protein was primarily composed of
Phaeocystis sp. (Figure S4.15). This is consistent with previous observations showing that
several diatom taxa and Phaeocystis dominate phytoplankton blooms at different times and
locations throughout the SO (Kang and Fryxell, 1993; DiTullio and Smith Jr., 1996; Arrigo
et al., 1999; Rose et al., 2009; Jabre et al., 2021). Phaeocystis typically appears in early
spring when the water is colder and more turbulent, and trace metal availability is higher,
and diatoms typically dominate later in the season when trace metals are more depleted
and the water is warmer and more stratified (DiTullio and Smith Jr., 1996; Liu and Smith,
2012; Smith et al., 2013). This may explain why Phaeocystis was more abundant in BA2
(colder, higher dissolved trace metal concentrations) than in BA1 in our experiments, even

though BA2 was initiated 12 days later (Figure 4.2).

We found that Fe addition significantly increased the pennate diatom protein fraction
in BA1 (p = 0.04) but not in BA2 (p = 0.95) and did not influence the centric diatom
fraction in either bioassay (BAl p = 0.89, BA2 p = 0.31). Pennate diatoms typically
dominate phytoplankton blooms after Fe fertilization in HNLC regions (de Baar et al.,
2005), likely due to their ability to quickly uptake nutrients, and to maintain baseline
metabolism when Fe is sparse through reducing intracellular Fe demand (Jabre et al., 2021)
and using ferritin Fe stores (Marchetti et al., 2009). Ferritin may also play an important
role in buffering intracellular free Fe (Botebol et al., 2015), which is toxic if not packaged
properly (Halliwell and Gutteridge, 1992). Centric diatoms, which generally lack ferritin
(Lampe et al., 2018), may be more susceptible to the toxic effects of free Fe after pulsed
Fe inputs, which may be another reason why pennates, but not centric diatoms, were able
to take advantage of Fe addition in BA1. We also observed a significant increase in the
Phaeocystis protein fraction after Fe addition in BA2 (p = 0.03), but not in BA1 (p =
0.81); the opposite of what we observed for pennate diatoms. This suggests that some
taxonomic groups are more adapted for growth under certain environmental conditions
(e.g., the preference of Phaeocystis to grow in colder water relative to pennate diatoms),

which gives them a competitive advantage or disadvantage when environmental conditions
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are shifted.

Together, these results highlight that 1) there are important variations in how different
phytoplankton taxa respond to change (e.g. pennate vs centric diatom response to Fe
addition), and 2) these variations may get concealed when community composition is
considered at a taxonomic level that is too broad (e.g., diatoms as a whole). This led us
to ask: how do proteomic traits vary in different taxa and how do these traits influence
organismal success under change? To answer this, we focused our analyses on three
main functional protein groups: ribosomes, RuBisCO, and photosynthetic proteins, within

pennate diatoms, centric diatoms, and Phaeocystis.

4.4.6 Proteomic traits vary across taxa and influence organismal fit-
ness under change

The taxon-normalized photosynthetic protein fraction (light-reaction photosynthetic pro-
teins) generally increased after Fe addition in both pennate and centric diatoms, but
remained stable in Phaeocystis regardless of treatment. Similarly, the RuBisCO fraction in-
creased after Fe addition in pennate and centric diatoms, specifically in BA2, but remained
stable under change in Phaeocystis. We note that centric diatoms invested substantially
more in RuBisCO protein than pennate diatoms (20-30% vs 2-6%, respectively). The
ribosomal protein fraction was similar across taxa at TO, and notably increased after Fe

addition in pennate diatoms, and in Phaeocystis in BA2 (Figure 4.3 A-I).

These protein allocation characteristics reveal diverse strategies among taxa which
could underpin their success under different environmental conditions. The relative stability
of photosynthetic proteins and RuBisCO in Phaeocystis impose a lower regulatory cost
than in other taxa, which may allow it to thrive better under dynamic/turbulent coastal
environments without the need to constantly regulate its proteome (Nissen and Vogt, 2021;
McCain et al., 2022). This may have also given Phaeocystis a competitive advantage in
BA2, where near-coastal conditions are more likely to fluctuate than in the open ocean
(BAI).

Overall, the protein allocations to RuBisCO (Figure S4.16) were generally higher
(10-17%) than expected based on (Losh et al., 2013) (< 6%) who used western blotting

to measure RuBisCO as a proportion of total protein in plankton communities off the
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coast of California. However, given that 1) Rubisco concentrations vary widely among
phytoplankton taxa, likely reflecting taxonomic variations in RuBisCO kinetic properties
and carbon concentrating mechanisms, and 2) our experiments were conducted in a polar
region where RuBisCO carboxylation rates are limited by the cold (Young et al., 2015), it
is not surprising that we measured higher RuBisCO fractions than would be expected in
temperate regions. The 5-10 fold difference in RuBisCO investment in pennate diatoms
compared to centric diatoms (Figure 4.3B, E) is nevertheless noteworthy. Laboratory
evidence points to a positive correlation between N allocation to RuBisCO (i.e. RuBisCO
fraction) and cell size in centric diatoms, possibly to counteract the decline in RuBisCO
turn over rate with size (see Wu et al. (2014) for discussion). It may be that larger centric
diatoms (Thalassiosira and Chaetoceros) dominated our centric diatom protein fraction,
which, when combined with generally higher RuBisCO abundance in cold environments,

would have contributed to a large investment in RuBisCO protein in centric diatoms.

The increased ribosomal fraction in pennate diatoms but not centric diatoms after
Fe addition suggests that pennates have more flexible proteomes that could be tuned to
different environmental conditions. This may aid in more rapid pennate diatom growth and
blooming under favorable conditions. Here we observed larger increase in total pennate
diatom protein under high Fe relative to centric diatom protein (Figure S4.17), likely
indicative of increased pennate diatom growth. Further, we only observed an increase
in Phaeocystis ribosomal investment after Fe addition in BA2, where we also observed
an increase in total Phaeocystis protein (Figure S4.17). This may be consistent with
the growth rate hypothesis, where increased ribosomal investment is linked to increased
organismal growth. Together, these data suggest that proteomic traits could shed light on

organismal fitness under environmental change.
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Figure 4.3: Taxon-specific photosynthetic protein, RuBisCO and ribosomal protein al-
location at TO and after 8 days of iron-temperature incubations. A) Pennate diatom
photosynthetic protein fraction of total pennate diatom protein. B) Pennate diatom Ru-
BisCO protein fraction of total pennate diatom protein C) Pennate diatom ribosomal protein
fraction of total pennate diatom protein. D) Centric diatom photosynthetic protein fraction
of total centric diatom protein. E) Centric diatom RuBisCO protein fraction of total centric
diatom. F) Centric diatom ribosomal protein fraction of total centric diatom protein. G)
Phaeocystis photosynthetic protein fraction of total Phaeocystis protein. H) Phaeocystis
RuBisCO protein fraction of total Phaeocystis protein. 1) Phaeocystis ribosomal protein
fraction of total Phaeocystis protein. Total taxon protein abundance was calculated as the
sum of all taxon-specific peptide intensities. Error bars represent 4+ 1 SD and fall within
the bounds of points when not visible.
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The elemental composition of phytoplankton cells is influenced by their macromolec-
ular composition (Finkel et al., 2016), including highly dynamic proteins that underpin
specific elemental quotas. Here, we focused on a few of these proteins that may play
important roles in influencing elemental stoichiometry: ribosomes, which may regulate
P quotas and N:P stoichiometry, and several metalloproteins which contribute to various

trace-metal quotas within phytoplankton.

4.4.7 Decoupling of ribosomes, temperature, and N:P

We calculated ribosomal protein fraction by summing the abundance of all ribosomal
peptides (regardless of taxonomic origin) then dividing by the total abundance of all
matched peptides. This increases certainty in our ribosome abundance measurements, and

allows us to examine the overall influence of ribosomal abundance on bulk N:P.

We found that the ribosomal protein fraction was generally lower in BA1 than in BA2
(Figure 4.4A). We also observed that Fe addition increased the investment in ribosomal
protein in both bioassays, but less so when Fe and temperature were concurrently increased
(Figure 4.4A). Increased ribosomal abundance in the high Fe treatments is consistent
with the growth rate hypothesis, linking increased protein synthesis (Figure S4.19) and
growth (Figure 4.1) with increased ribosomal abundance (Sterner and Elser, 2002). Inter-
estingly however, ribosomal abundance did not increase synergistically with concurrent
increase in Fe and temperature, even though growth did (Figure 4.1). Warming increases
translation efficiency per ribosomal unit (Farewell and Neidhardt, 1998), which enables
phytoplankton to maintain equivalent (or higher) growth rates with reduced ribosomal
abundance within their cells (Woods et al., 2003; Toseland et al., 2013) - this is known
as translation compensation. Decreasing the number of highly efficient ribosomes under
warming alleviates the energetic and material costs of ribosome synthesis and maintenance.
Translation compensation may also explain why we measured more ribosomes in BA2,
where the water temperature was colder, than in BA1. Overall, these results reveal high
sensitivity of cellular ribosomal allocation to small fluctuations in temperature in the SO,

specifically when nutrients are replete.

P-rich ribosomes could play an important role in regulating N:P in phytoplankton

(Geider and La Roche, 2002). Toseland et al. (2013) showed that decreased ribosomal
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abundance, and hence decreased P requirements, under warming causes an increase in
modelled cellular N:P. Other studies have investigated the biogeography of N:P stoichiom-
etry, and found that particulate matter at warmer low latitudes have generally higher N:P
ratios than particulate matter from colder high latitudes, and a temperature dependency
of N:P specifically at high latitudes (Martiny et al., 2013; Yvon-Durocher et al., 2015;
Tanioka et al., 2022). Additionally, when one phytoplankton community in the SO was
incubated under cold (0 °C) and warm (4 °C) conditions, its particulate N:P composition
was higher in the warmer treatment (Spackeen et al., 2018b). In contrast to these findings,
however, we did not observe increased N:P drawdown or particulate accumulation with
warming (Figure 4.4B, C). This decoupling between ribosomes, temperature and N:P was
also observed in the Ross Sea, where N:P was not impacted by warming despite decreased

ribosomal mRNA abundance (Jabre et al., 2021).

Why does ribosomal abundance fail to influence N:P? Here we suggest some mech-
anisms through which temperature / ribosomal influence on N:P may be buffered in the
SO. Phylogenetic variations in organismal N:P (Quigg et al., 2003; Ho et al., 2003) can
influence the overall bulk N:P in a mixed phytoplankton community. For example, diatoms
have a generally lower N:P composition than Phaeocystis (Figure 4.4D), hence, a large
diatom fraction within a phytoplankton community could reduce bulk N:P relative to a
community with a high Phaeocystis fraction. Temperature may also influence N:P dif-
ferently in different phytoplankton groups. Recently, a metanalysis of Emiliania huxleyi
elemental composition showed no temperature impact on its N:P stoichiometry (Sheward
et al., 2023), and a metanalysis of laboratory studies on cold-adapted species show that N:P
increases in Phaeocystis and possibly centric diatoms with warming, but not in pennate
diatoms (Figure 4.4). This may explain the trends of increased N:P with warming observed
in (Spackeen et al., 2018b) where the community was dominated (90%) by Phaeocystis.
However, when these phytoplankton groups are considered under a mixed community
setting, the different ways in which temperature impacts N:P can manifest as a net zero

effect on bulk N:P composition.

We also noted that the increased P-rich ribosomal fraction with Fe addition did not
co-occur with decreased N:P as expected, but in fact was accompanied by increased N:P
in BA2 (Figure 4.4). This again challenges prevailing views on how ribosomal abundance

could influence N:P in the ocean. Why did we observe this? Upon Fe addition, the
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upregulation of Fe-containing N transport and processing proteins could elevate N uptake
substantially (Price et al., 1991; Timmermans et al., 1994). This causes a large influx of N
relative to the increase in P-rich ribosomes, which may ultimately cause N:P to increase,
even when ribosomal abundance increases. Further, the relative abundance of Phaeocystis
increased with Fe addition in BA2 (Figure 4.2), which may have also contributed to the

increase in N:P, given the relatively high N:P in Phaeocystis.

Intracellular storage of N and P could also affect N:P stoichiometry and may dampen
changes in N:P when ribosomal abundance fluctuates. It is difficult to measure N and
P storage in a microbial community, and it is unknown how much storage plays a role
in the SO, where N and P are considered constitutively abundant. However, the high
concentrations of dissolved N and P in SO waters are conducive to luxury uptake, which
implicate storage as a potentially important regulator of macronutrient stoichiometry.
Under a ‘high storage scenario’ where ribosomal contribution to P quota could be minimal
(Geider and La Roche, 2002; Raven, 2013a; Liefer et al., 2019), the changes in ribosomal
abundance we observed would have little to negligible impact on N:P. Future studies
of macronutrient allocation in polar phytoplankton will help clarify the role of storage,
and its influence on N:P in the SO. Together, these data suggest that the seemingly
straightforward relationship between ribosomal abundance, temperature, and bulk N:P
(Toseland et al., 2013) is highly nuanced by community composition, nutrient storage,
and distinct responses to change at the organismal level. Further laboratory experiments
combining N:P measurements and ribosomal abundance could drastically improve our

understanding of N:P drivers in the ocean.
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Figure 4.4: Community-wide ribosomal investment is influenced by Fe and temperature,
but ribosomal investment is decoupled from N:P. A) Ribosomal protein fraction of total
protein abundance (calculated as the sum of all matched peptide intensities). B) Ratio
of particulate organic nitrogen to particulate phosphorus at TO and after 8 days of iron-
temperature incubations. C) Ratio of nitrate (NO ) to phosphate (POZ_) drawdown (M:M),
calculated using NO; and PO’ measurements from day 2 and day 8 of iron-temperature
incubations. D) Particulate N:P ratios acquired from previously published studies of
laboratory cultures grown under nutrient replete conditions and harvested during the
exponential phase in semi-continuous or batch growth. See Figure S4.18 for references to
all the studies. Centric diatoms include Thalassiosira sp., Chaetoceros sp., Skeletonema
sp., and Odontella sp. Pennate diatoms include Pseudo-nitzschia sp. and Fragilariopsis sp.
In B, C, and D, dashed horizonal lines represent Redfield N:P ratio of Ny¢:P;. Error bars
represent =1 SD and fall within the bounds of points when not visible.
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4.4.8 Metaproteomics provides insight into trace metal stoichiometry
and utilization strategies

We measured total particulate trace metal (PMetal) concentrations relative to PN to examine
trace metal accumulation patterns within the phytoplankton community. As expected, we
observed much higher P>’Fe:PN in the high Fe treatments (Figure 4.5A), showing that the
microbial communities consumed a large portion of the Fe we added (Figure S4.20). In
BA1, Fe addition did not influence PMn:PN (p = 0.87), but caused a significant decrease
in PCd:PN (p = 0.04), PCu:PN (p = 0.03), and PZn:PN (p < 0.01). In BA2, Fe addition
caused a significant decrease in PMn:PN (p = 0.01), PCd:PN (p = 0.01), PCu:PN (p <
0.001), and PZn:PN (p < 0.001). Warming only had a significant effect on PZn:PN in
the low Fe treatment in BA1 (p = 0.04) (Figure 4.5B-E). Altogether, these trace metal
accumulation patterns indicate a generally lower cellular quotas of non-Fe metals under

Fe-replete conditions, and vice versa.

Fe and Fe-related protein expression — We observed the upregulation of Fe-containing
proteins, including those used in photosynthesis (PSII and PSI proteins, cytochrome bef and
ferredoxin) and nitrogen metabolism (nitrate and nitrite reductase) after Fe addition (Figure
4.5F, G). These two main protein groups account for a large portion of phytoplankton
Fe quotas (Raven, 1988; Raven et al., 1999), and their upregulation after Fe addition is
indicative of Fe stress in the in situ community. Additionally, Fe addition caused the
downregulation of Fe-stress proteins ISIP-1, ISIP-2 (phytotransferrin) and ISIP-3, which
function to improve Fe acquisition and intracellular transport under low Fe (Kazamia
et al., 2018; McQuaid et al., 2018; Behnke and LaRoche, 2020). Both non-Fe-containing
flavodoxin and rhodopsin proteins were also downregulated after Fe addition (Figure 4.5),
suggesting the replacement of Fe-containing proteins with non-Fe containing functional
homologs was occurring under low Fe. Previous work has shown that flavodoxin can
replace ferredoxin to maintain photosynthesis under low Fe conditions (LaRoche et al.,
1996), and rhodopsin may be used to improve photosynthetic efficiency under low Fe
(Marchetti et al., 2015), although recent evidence suggests that it may also be involved in

nutrient uptake (Bar-Shalom et al., 2023).

Interestingly, we observed the downregulation of a diatom protein cluster annotated

as ‘fasciclin’ after Fe addition (Figure 4.5). That is, both pennate and centric diatoms
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produced more of this fasciclin protein when Fe was limited. It has been suggested
that fasciclin increases cell surface adhesion in plants and animals, with some evidence
suggesting a similar function in diatoms (Huber and Sumper, 1994; Willis et al., 2014;
Seifert, 2018). However, its role under Fe stress has not been characterized. We also
investigated the global distribution of fasciclin transcripts using The Ocean Gene Atlas
v2.0 (Vernette et al., 2022) and found higher fasciclin transcript abundance in the SO
and the Equatorial Pacific, both of which are Fe-limited HNLC regions (Figure S4.21).
We hypothesize that diatoms invest in fasciclin production under low Fe to increase their
adhesion and trapping of micronutrient substrates, similar to how Phaeocystis may use
exopolysaccharides. Fasciclin may also enhance diatom-bacterial interactions to facilitate
Fe uptake from siderophores (Kazamia et al., 2018; Coale et al., 2019; Den et al., 2023),
and may improve aggregate formation which increases sinking to more-nutrient rich water.
Further investigations of phytoplankton fasciclin and other adhesion molecules will likely
yield interesting discoveries regarding their role in mediating nutrient limitation, their
influence on phytoplankton-bacterial interactions, and potential impacts on nutrient export

and the biological carbon pump.

We then sought to infer the contribution of metalloproteins to trace metal quotas.
Recall that we measured specific proteins (e.g. metalloproteins) using relative abundance
metrics (i.e. fractions of total protein), but used absolute quantification for trace metal
measurements. Here we tested an approach for connecting relative protein abundance
with trace metal concentrations using two metalloproteins: 1) Cd-carbonic anhydrase
(Cd-CA) and 2) oxygen evolving complex (Mn-cluster) proteins. Cd-CA is involved in the
acquisition of inorganic carbon for photosynthesis, and to date, is the only known protein
that functions with a Cd cofactor (Lane and Morel, 2000; Lane et al., 2005). Mn-cluster
proteins within PSII use Mn to catalyze the splitting of water into O,, electrons, and
protons, which drive photosynthetic electron transport, and ultimately the conversion of
solar energy into chemical energy. These two proteins were identified with high confidence

within our metaproteomics analyses.

We began by first estimating the concentration of each metalloprotein (proteiny) in
seawater, using the fractional contribution of the metalloprotein to total protein abundance
(Eq. 4.1), where [concentration of protein, ] = estimated concentration of metalloprotein in

sea water, pug L'!; protein, = relative abundance of metalloprotein; measured as the total
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intensity of all its matching peptides (unitless); total protein = relative abundance of all
proteins, measured as the total intensity of all peptides (unitless); [bulkprotein] = bulk
protein concentration in sea water in pg L', estimated by converting PN to protein using

4.78 g protein / g N, following (Finkel et al. 2016).

[concentration of protein,| = (protein, /totalprotein) x [bulkprotein] 4.1)

Next, we converted the estimated concentrations of each metalloprotein (ug L)
into molar concentrations using molar masses from published amino acid sequences. For
Cd-CA we used a molar mass based on (Lane et al., 2005). For Mn-cluster, we used an
average molar mass based on amino acid sequence in Fragilariopsis cylindrus (Mock et al.,
2017) and Thalassiosira pseudonana (Armbrust et al., 2004). Lastly, we estimated the
amount of metal cofactor in each molar amount of metalloprotein by assuming equimolar
amount of Cd and Cd-CA (Lane et al., 2005), and four moles of Mn per mole of Mn-cluster
protein (Galstyan et al., 2012)

Manganese-containing proteins and Mn quotas — The Mn-cluster in PSII contributes
to the majority Mn quota within phytoplankton (Raven et al., 1999; Twining and Baines,
2013). Interestingly, Mn-cluster proteins were upregulated after Fe addition in our ex-
periments (Figure 4.5F, G), even though we did not add Mn, and the dissolved Mn
concentrations were very low (Figure S4.7). This Mn-containing protein complex func-
tions in concert with other Fe-containing photosynthetic proteins to drive photosynthesis,
and it is therefore likely that its expression is coupled to the expression of Fe-containing
photosynthetic proteins by necessity. By this logic, we expect Mn consumption to decrease
when Fe availability decreases. However, our data show that this not the case. PMn:PN
was not influenced by Fe addition in BA1 and was actually increased under low Fe in
BAZ2 (Figure 4.5B). This indicates that other Mn-containing proteins could play a larger
role in phytoplankton Mn quotas under low Fe. Indeed, many phytoplankton taxa rely on
Mn-superoxide dismutase (Mn-SOD) for oxidative stress management (Wolfe-Simon et al.,
2005), and increase the expression of this protein under Fe limitation (Peers and Price,

2004). The limited number of Mn-SOD peptides detected prevented us from including this
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enzyme in our Mn-quota calculations. However, we observed a significant downregulation
in Fe-Mn SOD in BA2 after Fe addition, consistent with increased Mn use in SOD under
low Fe (it is difficult to disentangle the Fe and Mn isoforms of SOD; it is also possible
that the same isoform can use either Fe or Mn depending on availability (Peers and Price,
2004)). We did not observe such an effect in BA1, perhaps due to the very low DMn
availability initially. Indeed, our calculations of Mn*, an indicator of Mn-limited growth
(Browning et al., 2021), show a lower DMn* in BAI relative to BA2 (Figure S4.22),

indicative of stronger Mn-limitation in BAT relative to BA2.

Our estimates of metalloprotein contribution to total PMn show that Mn-cluster
proteins accounted for virtually all cellular Mn in the high Fe treatments, but less so
in the Fe deplete treatment (Figure 4.5H). Further, we estimated a higher abundance of
Mn-cluster proteins than could be metalated given the PMn concentrations we measured.
While this failure to achieve mass balance may be due to the expected range of error
in this type of estimation, we hypothesize that phytoplankton may increase Mn-cluster
protein synthesis under Fe-replete conditions, even when Mn availability is low. Increased
production of metal-free Mn-cluster proteins could be an anticipatory strategy that primes
phytoplankton for growth when Mn becomes available. This also suggests that Mn could
increasingly limit primary productivity in the SO if it is not concurrently increased with Fe
(Figure S4.22).

Under low Fe, Mn-cluster proteins accounted for 50-80% of cellular Mn (Figure
4.5H). This is consistent with decreased Mn-cluster protein abundance and shows that Mn-
SOD, or other Mn-pools, are an important component of the Mn quota when Fe is limited.
Intriguingly, these calculations align with estimates in (McCain and Bertrand, 2022) which

suggest that Mn-SOD could account for 10-20% of total Mn quota in phytoplankton.

Cd-CA and Cd quotas — Our differential expression analyses showed that Cd-CA
(specifically from centric diatoms) was significantly downregulated after Fe addition in
both bioassays, consistent with decreased PCd:PN after Fe addition (Figure 4.5C, F, G).
Intracellular Cd has been shown to increase under Fe limitation in cultures (Lane et al.,
2009) and in the field (Cullen et al., 2003), primarily due to inadvertent uptake through
the same Fe-uptake pathways that are upregulated under Fe limitation (Lane et al., 2009).

Earlier we showed increased ISIP protein expression under low Fe, which may increase

123



Cd transport into cells. However, Cd is extremely toxic and phytoplankton must package it

safely inside the cell or export it (Ahner et al., 1995; Lee et al., 1996).

In addition to being a potential nuisance, Cd functions as a cofactor in a class of
carbonic anhydrases that are essential for inorganic carbon uptake in diatoms. However,
our estimates of metalloprotein contribution to total PCd show that Cd-CA contributes
to a small amount of total PCd (2-7%) (Figure 4.51). This raises the question: where
does the majority of cellular Cd reside? We are unable to answer this question with
our data, but large Cd pools have been shown to exist inside vacuolar polyphosphate
granules within Chlamydomonas, which help in mediating Cd toxicity (Penen et al., 2017).
Further examination of Cd pools within phytoplankton may reveal similar ‘safe-storage’
strategies, or even novel proteins that use Cd within diatoms or other taxa. Overall, our
data also confirm expectations that Cd is unlikely to become a limiting nutrient, given its

low requirement relative to supply.

Cu, Zn — We observed exceptionally high PZn:PN ratios in both bioassays, indicating
high Zn quotas in SO phytoplankton. Recently, Zn-finger proteins have been shown to
play an important role in supporting photosynthetic processes in low-temperature regions
(Ye et al., 2022), which, in addition to high Zn availability in SO surface waters (Roshan
et al., 2018), could explain the high Zn quotas in our study. Both PZn:PN and PCu:PN
were also higher under low Fe, which suggests that phytoplankton use these two metals
preferentially under Fe stress. Plastocyanin, a Cu-containing protein, has been shown to
replace Fe-containing cytochrome ¢ under low Fe (Peers and Price, 2006), however, we
observed constitutive plastocyanin expression in our study, consistent with (Jabre et al.,
2021). Thus, the increase in PCu under low Fe indicates a larger role for Cu in Cu-SOD,
a protein that was more abundant under low Fe (Figure 4.5). Improved characterization
and annotation of metalloproteins (see recent advances in Aptekmann et al. (2022)), could
help us identify potentially important proteins that are involved in trace metal use within

phytoplankton cells.

Our coupling of protein measurements with trace-metal quotas provided novel field ev-
idence for increased use of non-Fe metals and non-Fe metalloproteins under Fe-limitation.

This highlights the utility of metaproteomics in understanding metalloprotein function,
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and the dynamics of trace metal use within phytoplankton. Future experiments using stan-
dards for absolute quantification of metalloproteins along with trace metal measurements
could improve estimates of metalloprotein contribution to metal quotas, which ultimately

enhances the utility of proteomics in studying protein-metal dynamics.
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Figure 4.5: Metaproteomics provide a link between trace metal stoichiometry and cellular
utilization strategies. Ratio of particulate. A) 5’Fe, B) Mn, C) Cd, D) Cu, and E) Zn
to particulate N (mM:M) at TO and after 8 days of iron-temperature incubations. F, G)
Differential expression of various metal-related, taxon-specific proteins (protein clusters)
of interest after iron addition in Bioassay 1 and Bioassay 2. Filled circles represent
statistically significant differential expression (adjusted P-value < 0.05). Positive Log2
fold change represents increased abundance after iron addition, negative Log?2 fold change
represents decreased abundance after iron addition. H) Contribution of Mn-cluster protein
(oxygen evolving complex) to the total particulate Mn measured at TO and after 8 days or
iron-temperature incubations. Boxplots show the median, first and third quartile values for
each bioassay, with whiskers showing minimum and maximum values. I) Contribution of
cadmium carbonic anhydrase (Cd-CA) protein to the total particulate Cd measured at TO
and after 8 days or iron-temperature incubations. Boxplots show the median, first and third
quartile values for each bioassay, with whiskers showing minimum and maximum values.
In A-F, error bars represent £1 SD and fall within the bounds of points when not visible.
In F, LHC = light harvesting complex proteins, PSII = photosystem II, cyt = cytochrome,
Mn-cluster = manganese cluster / oxygen evolving complex proteins, PSI = photosystem
L, ISIP = iron stress induced protein, SOD = superoxide dismutase, Cd-CA = cadmium
carbonic anhydrase.

126



4.5 Conclusions

In this study, we investigated the responses of two distinct phytoplankton communities in
the Weddell Sea to changes in Fe and temperature. We found that slight warming alone,
within the bounds of expected temperature fluctuations in the region, had minimal effects
on growth, nutrient drawdown, community composition, and protein expression patterns.
However, we found that Fe was a strong driver of growth and nutrient drawdown, and
influenced the stoichiometry of Si and trace-metal consumption. These findings suggest
that changes in Fe availability could have large impacts on nutrient stoichiometry in the
SO. The amplified effects of Fe addition and warming on growth and nutrient drawdown
indicate that even slight warming could exert substantial influence on ecological and

biogeochemical processes in the SO when Fe availability is dynamic.

Our metaproteomics surveys of these communities revealed that ribosomal investment
plays an important role in influencing growth, but ribosomal abundance does not influence
N:P stoichiometry. This suggests that other mechanisms, such as community composition,
nutrient uptake, and storage may play a larger role in influencing N:P stoichiometry in
the ocean. In addition, we implemented a novel approach to estimate the trace-metal
contribution of metalloproteins using untargeted metaproteomics measurements. This led
to new insight into trace metal use within phytoplankton cells, and shed light on potential
shifts in trace metal allocation under changing conditions. Altogether, our data underscore
the utility of using metaproteomic measurements to understand phytoplankton growth,

ecology and biogeochemical processes in today’s and future oceans.
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4.6 Materials and Methods

4.6.1 Experimental setup

We conducted two Fe-temperature bioassay incubation experiments during the austral
summer of 2018-2019 in the Weddell Sea, Southern Ocean. The first bioassay (BA1) was
initiated on December 28, 2018, approximately 560 km away from the ice edge at 65 °S
0.038 °E. The second bioassay (BA2) was initiated on January 9, 2019, approximately 70
km from the ice edge at 70.15 °S 11.02 °W (Figure 4.1). For both bioassays, we collected
sea water at ca. 21 m depth using a custom built ultraclean CTD sampling system — “Titan”
— equipped with PRISTINE high volume samplers (De Baar et al., 2008; Rijkenberg et al.,
2015). This depth minimized trace metal contamination from the ship, and coincided
with phytoplankton biomass maxima (Figure S4.6). Titan was moved into a dedicated,
temperature-controlled, trace-metal-clean (TMC) laboratory container where sea water
was used for initial (TO) sampling and to fill triplicate, 20 L, TMC cubitainers for each

Fe-temperature treatment.

The treatment matrix included four Fe-temperature conditions: low Fe — low tempera-
ture, high Fe — low temperature, low Fe — high temperature, high Fe — high temperature.
We did not add any Fe to the low Fe treatments. We supplemented the high Fe treatments
with a naturally occurring but rare isotope of 3’Fe, which allowed us to differentiate be-
tween the added Fe and Fe already present in the water (predominantly *°Fe). For this,
we made a 40 uM YFeCl; stock solution in 0.1 M trace-metal grade HCl, then added
1 mL of this stock to each of the high Fe cubitainers. This resulted in a total initial
dissolved *’Fe concentration of 2 nM. We then sealed the cubitainers and placed them
inside temperature-controlled deck incubators where the low temperature treatments were
incubated under in situ temperature, and the high temperature treatments were incubated
under in situ +2 °C (Table 4.1). We note that the incubators could not maintain the frigid
in situ temperature in BA2, so we adjusted the temperature by an additional 0.4 °C for all
treatments in this bioassay. We used black mesh screens to keep light at 15-20% of incident
inside the incubators, which ensured light-saturated growth without inducing photodamage.
We maintained the incubations for eight days and subsampled at different time points for
various measurements (Table S4.3). When necessary, we followed previously described

TMC protocols for cleaning, water collection, and sample processing (Cutter et al., 2017;
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van Manen et al., 2022; Tian et al., 2023).

Table 4.1: Temperature and iron treatment matrix for Bioassay 1 (BA1) and Bioassay 2
(BA2). In BA2, temperature was kept at an additional 0.4 °C due to difficulty maintaining
in situ temperature (-1.4 °C).

Treatment Temperature Iron added
Low iron — low temperature -0.3 °C (in situ) -

BA1 High iron — low temperature -0.3 °C (in situ) +2 nM *"Fe
Low iron — high temperature 1.7 °C (in situ +2 °C) -

High iron — high temperature 1.7 °C (in situ 42 °C) ~ +2 nM °"Fe
Low iron — low temperature ~ -1.0 °C (in situ +0.4 °C) -

BA2 High iron — low temperature  -1.0 °C (in situ +0.4 °C) +2 nM *"Fe

Low iron — high temperature 1.0 °C (in situ +2.4 °C) -
High iron — high temperature 1.0 °C (in situ +2.4 °C)  +2 nM °"Fe

4.6.2 Photophysiology

We measured the photosynthetic efficiency of photosystem II (£}, / F;,, ) using onboard pulse
amplitude modulated fluorometry (Heinz Walz GmBH, WATER-PAM, Red LED WATER-
ED cuvette version) through a Water-K quartz cuvette. A 3.5 mL sample from each
biological replicate was dark acclimated in the cold for 2-4 hours prior to measurement,
and the cuvette was rinsed with ultra-pure water between replicates. The WATER-PAM
was blanked for each bioassay using 0.2 um filtered seawater from the respective bioassay
locations. The Ft value was kept between 100 and 1000 by adjusting the PM-Gain and
blanking was repeated after PM-Gain adjustment. We calculated £,/ F},, as the ratio of

variable to maximum fluorescence, where F,, = F,,, — Fy, and F;; = minimum fluorescence.

4.6.3 Pigments

We collected samples for chlorophyll a (chl-a) and other pigments using gentle vacuum
filtration through GF/F glass microfiber filters (Whatman, 0.7 ym pore size, 47 mm
diameter) under dark and cold conditions. Enough water was filtered from each biological

replicate to display a green colour on filters (mean volume: 1.1 L, range: 0.54 —2.65 L).
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Filters were double wrapped in aluminium foil, flash frozen in liquid nitrogen and stored

at -80 °C until further laboratory analysis.

We freeze dried the filters and extracted pigments in the dark for 48 hours at 4 °C using
5 mL of 90% acetone (van Leeuwe et al., 2006). High-performance liquid chromatography
(HPLC) pigment separation was then conducted on a Waters HPLC system (model 2690)
using a 3.5 pum particle size Zorbax Eclipse XDB-C8 column, and an autosampler set to
4°C (Van Heukelem and Thomas, 2001). Pigment detection was based on retention time
and diode array spectroscopy at 346 nm (Waters 996 Photodiode Array Detector). Pigment
quantification was based on standard curves using DHI LAB pigment standards. We then
used CHEMTAX v1.95 (Mackey et al., 1996) to determine taxonomic phytoplankton
community composition (expressed as fraction of total chl-a) using initial pigment ratios
for diatoms, two groups of chlorophyll-c3-containing algae (here called haptophytes and

pelagophytes), cryptophytes, chlorophytes, and dinoflagellates (Eich et al., 2022).

4.6.4 Flow cytometry

We collected 2 mL of unfiltered water as well as size fractioned samples from each
biological replicate. For the size fractioned samples, we sequentially filtered a 20 mL
sample from each replicate through 20, 10, 8, 5, 3, 2, 1, 0.8 and 0.6 um polycarbonate
filters (Isopore, 25 mm diameter) using a plastic syringe and filter holder (Whatman).
The filtrate from each size fraction (2 mL) and the unfiltered samples were fixed with
formaldehyde-hexamine for 15-30 minutes at 4 °C, then flash frozen in liquid nitrogen and

stored at -80 °C until further laboratory analysis.

We performed flow cytometric analyses on a BD-FACSCalibur Flow Cytometer
equipped with a 488 nm Argon laser. The average flow rate through a 20 pm inlet filter
was 97.3 uL min!, and the trigger was set on red autofluorescence (Marie et al., 1999).
Cell populations were differentiated based on red chl-a autofluorescence and side scatter
using FCS Express 5 software (De Novo Software). Cryptophytes were identified by their
orange phycoerythrin autofluorescence. We identified a potential Phaeocystis sp. (most
likely Phaeocystis antarctica) group by comparing the chl-a autofluorescence and side
scatter patterns from the bioassay samples with those of isolated, broken up Phaeocystis
colonies. We estimated cell diameter based on filter pore size fractions, and converted

these estimates into volume by assuming spherical dimensions for all cells.
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4.6.5 Dissolved macronutrients

We measured nitrate, phosphate and silicate (silicic acid) on board the ship using a four-
channel Auto-Analyzer (QuAATRo, Seal Analytical, Germany), following the Joint Global
Ocean Flux Study protocols described in (Gordon et al., 1993). Briefly, we syringe filtered
125 mL from each biological replicate through 0.2 ;m Acrodisc® filters, and collected
the filtrate in polyethylene bottles that were rinsed three times with the filtrate before use.
When immediate measurements were not possible, we stored the samples in capped bottles
at 4 °C for a maximum of five hours. We made ten-point calibration curves daily by diluting
stock solutions of the different nutrients in 0.2 pm filtered low-nutrient seawater. We also
analyzed a certified reference material (KANSO, Japan) containing known concentrations
of nitrate, phosphate, and silicate in Pacific Ocean water with each run. All samples and

standards were brought up to 21 °C before measurements were taken.

4.6.6 Particulate macronutrients

We collected samples for particulate organic carbon (POC) and particulate nitrogen (PN)
using vacuum filtration through pre-combusted GF/F glass microfiber filters (Whatman, 0.7
pm pore size, 25 mm diameter). We filtered 1 L from each biological replicate, wrapped
the filters in aluminum foil, and then stored them at -20 °C until further laboratory analysis.
We analyzed POC and PN using a Thermo-Interscience Flash EA1112 Series Elemental
Analyzer (Thermo Scientific) with a detection limit of 100 ppm and a precision of 0.3%
(Verardo et al., 1990). Briefly, samples were flash combusted with excess oxygen at 900
°C to convert organic carbon and particulate nitrogen into CO, and N, gas. A helium
carrier gas was then used to transfer the CO, and N, into the elemental analyzer for
measurement. We also measured filter and sample handling blanks, and subtracted the
blank measurements from sample measurements. The sampling and analysis methods for

particulate phosphorus are described in the trace metal measurements section below.

4.6.7 'Trace metal measurements

We sampled for both dissolved and particulate trace metals, and measured all metal and
particulate phosphorus (P) concentrations using High Resolution Inductively Coupled

Plasma Mass Spectrometry (HR-ICP-MS). For this, we followed strict TMC protocols
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during sampling and sample processing (Cutter et al., 2017; van Manen et al., 2022; Tian

et al., 2023).

Dissolved trace metal sampling and sample processing — To separate the dissolved
trace metal fraction from the particulate fraction, we filtered water from each biological
replicate through pre-cleaned 0.2 pm filter cartridges (AcroPak). We collected the filtrate
in acid cleaned 125 mL LDPE bottles that were rinsed five times with the filtrate before use.
We then acidified the samples using trace-metal grade Baseline® HCI (Seastar Chemicals
Inc) to a final concentration of 0.024 M HCI, which resulted in a pH of ~1.8. We stored

the samples at room temperature until further laboratory analyses.

In the laboratory, we preconcentrated the dissolved trace metals from the acidified
samples following methods in (Gerringa et al., 2020; Middag et al., 2023). Briefly, we
passed each sample through a SeaFAST-pico preconcentration system (ESI, USA), with
two 10 mL loops for a total sample volume of 20 mL. With this, we concentrated each
sample into 350 pL of elution acid (double distilled 1.5 M HNOj3) containing rhodium
(Rh) as internal standard, and then stored at room temperature until further analysis with

HR-ICP-MS.

Particulate trace metal and phosphorus samples — Here we used polyethersulfone
(PES) filters (25 mm, 0.45 pm Pall Supor) placed on polypropylene filter holders (Advan-
tec) with polypropylene luer-locks (Cole-Palmer) to capture the particulate trace metal
fraction. We pre-cleaned the filters and filter holders by boiling three times in distilled
1.2 M HCI (VWR Chemicals — AnalaR NORMAPUR) at 60 °C for 24 h, then rinsing
with ultrapure MQ water 5 times, and eventually storing in ultrapure MQ water before
use (Ohnemus et al., 2014). After sampling, we stored the PES filters in acid-cleaned
Eppendorf vials at -20 °C until further laboratory analysis.

We digested the particulate trace metal (and P) samples in two successive steps to
capture the labile and refractory fractions separately, following methods in (van Manen
et al., 2022; Tian et al., 2023). We summed the measurements from these two fractions to
get the total particulate metal and P measurements shown in this study. Briefly, we first
solubilized the labile fraction by subjecting the PES filters to a weak leach, consisting of
1.8 mL solution of 4.35 M acetic acid (double distilled using PFA Savillex stills, VWR
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NORMAPUR) and 0.02 M hydroxylamine hydrochloride (Sigma-Aldrich — 99.999% trace
metal basis). The vials were heated to 95 °C for 10 minutes in a water bath and were
subsequently cooled down to room temperature. After two hours, the filters were moved to
a 30 mL Teflon vial (Savillex), and the remaining leachate was centrifuged at 16000 RCF
for 10 minutes to bring any remaining particles to the bottom of the solution in the vials.
Next, 1.6 mL of leachate was transferred to a separate 30 mL Teflon vial (Savillex) and
100 pL of concentrated HNOj5 (double distilled, AnalaR NORMAPUR) was added. The
vials were then heated to dryness at 110 °C, re-dissolved in 2 mL of 1.5 M HNO; with 10
ng mL™! Rh as internal standard, and stored at room temperature for subsequent analysis
by HR-ICP-MS.

For the refractory fraction, we transferred the remaining 0.2 mL of leachate from the
labile leach vials to the Teflon vials already containing the PES filters — we corrected for
the 0.2 mL labile leachate in the refractory fraction. Next, we added a 2 mL solution of
8.0 M HNO; (triple distilled, VWR Chemicals — AnalaR NORMAPUR) and 2.9 M HF
(Supelco, Ultrapur), and refluxed the capped samples for 4 hours at 110 °C. Afterwards,
we cooled the samples to room temperature and poured the contents into secondary Teflon
vials (Savillex) without transferring the filters. We then heated the secondary Teflon vials
to dryness at 110 °C, redissolved the contents in a 1 mL a solution of 8.0 M HNOj and 15%
H,0, (Merck — Suprapur), refluxed for second time for 1 hour at 110 °C, and again heated
to dryness at 110 °C. Lastly, we redissolved the samples in 2 mL of 1.5 M HNO; with
10 ng mL"!' Rh as internal standard, and stored them at room temperature for subsequent

analysis by HR-ICP-MS.

HR-ICP-MS methods — We analyzed the samples using Thermo Scientific Sector Field
High Resolution Element 2 mass spectrometer, with a microFAST introduction system
(ESI, USA) equipped with a PFA nebulizer. Detailed HR-ICP-MS methods are described
in (Gerringa et al., 2020). We blank-corrected the measurements for contaminants from
sample handling, reagents and filters, following (van Manen et al., 2022; Tian et al.,
2023). The accuracy and precision of the measurements were determined by measuring
GEOTRACES community consensus reference materials SAFE D1, GSC and GSP as well
as in-house reference seawater samples. Rh was used as an internal standard and drift
standards were measured after every block of 13 samples to correct for drift during the

runs. We calculated trace metal and P concentrations using a mixed solution of elemental
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standards.

4.6.8 Protein sample preparation

We used a peristaltic pump system to sequentially filter 2-4 L from each biological replicate
through 12, 3.0, and 0.2 m polycarbonate filters (Isopore, 47 mm diameter). Filters were

then stored at -80 °C until further laboratory analysis.

We extracted and digested proteins from filters using methods previously described in
(Joy-Warren et al., 2022). Briefly, 600 pL of sodium dodecyl sulphate (SDS) lysis buffer
(2% SDS, 0.1 M Tris/HC1 pH 7.5, 5% glycerol, 5 mM EDTA) was added to each sample,
followed by a 10-minute incubation on ice then a 15-minute incubation in a benchtop
thermomixer (Eppendorf Thermomixer C) at 95 °C and 350 RPM. Samples were then
sonicated on ice for one minute using a QSonical25 microprobe (50% amplitude, 125 W,
15 second on/off pulses) and left at room temperature for an additional 30 minutes. The
extracted proteins, which were suspended in SDS lysis buffer at this point, were obtained
by removing the filters and centrifuging the samples at 15000 x g for 30 minutes to pellet
cellular debris. After this, we acquired the protein-containing supernatant and pooled the
three different size fractions from each biological replicate by combining an equal volume
from each fraction. We quantified bulk protein concentrations using a Pierce Micro BCA

Protein Assay Kit following manufacturer’s protocol.

We used S-Trap mini columns (PROTIFI) to remove SDS lysis buffer from the
samples and digest the extracted proteins. Samples were first reduced and alkylated using
5 mmol L' dithiothreitol and 15 mmol L iodoacetamide respectively, then denatured
using 12% phosphoric acid. Samples were then diluted with S-trap buffer (pH 7.1, 100
mmol L-1 tetraecthylammonium bicarbonate in 90% aqueous methanol) (1sumpie: 7vuffers V:V)
and loaded onto the S-trap columns. Once on column, we washed each sample 10 times
with 600 uL S-trap buffer to remove the SDS. Proteins were then digested on-column
using trypsin (1iypsinttypsin:2Syrocein, 1g:1g) at 37 °C for 16 hours. Tryptic peptides were
eluted from the S-Trap columns with a series of 50 mmol L' ammonium bicarbonate,
0.2% aqueous formic acid, and 50% acetonitrile 0.2% formic acid washes. Samples were
then desalted on pre-conditioned 50 mg C18 columns (HyperSep), dried using a Vacufuge
Plus (Eppendorf), and finally resuspended in a 1% formic acid 3% acetonitrile solution

prior to liquid chromatography — tandem mass spectrometry (LC-MS-MS).
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4.6.9 LC-MS-MS

We performed duplicate injections for each biological replicate on a Dionex UltiMate 3000
RSLC-nano LC system (Thermo Scientific) coupled to a Q-Exactive hybrid quadrupole-
Orbitrap mass spectrometer (Thermo Scientific). Peptides (1 pg per injection) were
separated by reverse phase chromatography under a non-linear gradient (Table S4.4) with
a self-packed column (50 cm x 0.1 mm ID) containing JUPITER Proteo C18 resin. The
mass spectrometer was operated in data-dependent acquisition mode — detailed mass

spectrometer settings are shown in (Table S4.5).

4.6.10 Metaproteomics bioinformatics and data analysis

We assessed instrument and acquisition performance by analyzing the unprocessed raw
mass spectrometry files using RawTools v2.0.7 (Kovalchik et al., 2019). We then converted
the — quality checked — raw files into standardized mzML format using ThermoRaw-

FileParser v1.4.0 (Hulstaert et al., 2020) before further analysis.

Reference database — We used a reference SO metatranscriptome database (Jabre
et al., 2021) to match the acquired mass spectra with peptides. Briefly, samples for this
database were collected from surface water in the McMurdo Sound, SO, on January 15,
2015 which were subjected to Fe-temperature experimental incubations as described in
Jabre et al 2021. Sequencing was performed via Illumina HiSeq, transcript contigs were
assembled de novo using CLC Assembly Cell, and open reading frames (ORFs) were
predicted using FragGeneScan (Rho et al., 2010). We filtered ORFs to eliminate those
with less than 50 reads total across all samples, and annotated for putative function using
hidden Markov models and BLAST-p against PhyloDB (Bertrand et al., 2015). ORFs
were assigned a taxonomic affiliation based on best Lineage Probability Index (Podell
and Gaasterland, 2007; Bertrand et al., 2015). Lastly, we grouped ORFs into protein
clusters by sequence similarity using Markov clustering (Enright, 2002), and consensus
cluster annotations were based on KEGG, KO, KOG, KOG class, Pfam, TIGRfam, EC,
GO. See Jabre et al. (2021) for detailed methods on metatranscriptome sample collection,

processing and analysis.

Database searching — We matched the acquired mass spectra with peptide sequences

from the reference database using MSGF+ within OpenMS (Kim and Pevzner, 2014;
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Rost et al., 2016). We first appended the reference database with a database of common
contaminants from the common Repository of Adventitious Proteins (The Global Proteome
Machine Organization), and then removed redundant sequences using Python script by P.
Wilmarth (github.com/pwilmart/fasta_utilities). We conducted the search using a 10-ppm
precursor mass tolerance, and set cysteine carbamidomethylation as a fixed modification,
and methionine oxidation and N-terminal glutamate to pyroglutamate conversion as vari-
able modifications. Lastly, we filtered peptide-spectral matches at a 1% false discovery rate
using a target-decoy strategy, where ‘target’ represents all the sequences in the database

and ‘decoy’ represents all the database sequences in reverse (Elias and Gygi, 2007).

Peptide quantification — We grouped the duplicate LC-MS-MS injections for each
biological replicate and aligned the retention times within each of these groups using
MapAlignerldentification (Weisser et al., 2013). We then matched unknown features in
one injection with identified peptide features from the other injection, which allowed
us to improve the number of peptide identifications in each sample. We then calculated
feature intensity (i.e. relative peptide abundance) based on MS1 ion intensity using

FeatureFinderldentification (Weisser and Choudhary, 2017).

Peptide annotation — We mapped peptides to corresponding ORFs for protein cluster
assignment, and for functional and taxonomic annotations. Peptides mapping to one or
more ORFs from the same cluster or functional annotation were annotated with that cluster
/ function. Peptides mapping to ORFs with different clusters / functional annotations were
annotated with “ambiguous cluster” / “ambiguous function”. We then assigned a taxonomy
string to each peptide by resolving taxonomic affiliation at the genus level, or, when
not possible, by gradually progressing through taxonomic rank until a non-ambiguous
taxonomic level is found. That is, peptides mapping to one or more ORFs from the
same genus (e.g., Fragilariopsis) were annotated down to genus (eukaryote-stramenopile-
bacillariophyte-pennate-Fragilariopsis). Peptides that were ambiguous at the genus level
(e.g., mapping to both Fragilariopsis (pennate diatom) and Chaetoceros (centric diatom)
ORFs) were annotated down to the class level as “ambiguous diatom”, and so on. Peptides

that could not be resolved at the domain level were annotated as “ambiguous domain”.

Database suitability — Untargeted metaproteomics experiments like ours generate

relative abundance measurements that must be normalized before making comparisons
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across samples. Several factors influence these abundance values and complicate their
normalization, including the suitability of the reference database and heterogeneity of
non-peptide features across samples. Here, we expanded upon previously established
methods in (McCain et al., 2022) to test database suitability and to find an appropriate

normalization method for our data.

We calculated and correlated three different abundance metrics using our metapro-
teomics data. I) We calculated the summed total ion current (TIC) for each sample using
pyOpenMS (Rost et al., 2014). TIC is a database independent sum of all mass spectral
peak intensities measured throughout a run, and therefore includes background noise
and contamination, in addition to all measured peptides. II) We identified peptide-like
features based on feature resemblance to the isotopic distribution of a theoretical peptide
model, “averagine” (Senko et al., 1995), and quantified their total abundance for each
sample using Hardklor and Kronik (Hoopmann et al., 2012). The total abundance of
peptide-like features is also database independent but is less influenced by background
noise and contamination. III) We calculated the abundance of all matched peptides for
each sample (see previous methods on database searching and peptide quantification).
This approach is database dependent and can therefore be biased by database suitability.
A strong correlation between these three metrics would indicate that either one can be
used for normalizing our relative abundance measurements. We also used the number of
matched peptides and the contribution of matched peptide abundance to the peptide-like

feature abundance to evaluate database suitability.

Community composition — We calculated the fractional contribution of various taxo-
nomic groups to the metaproteome by summing the abundance of peptides within each
taxonomic group and dividing by the total abundance of all matched peptides (e.g., sum
of all centric diatom peptide intensities / sum of all peptide intensities). We focused our
analyses at taxonomic resolutions with a high enough number of identified peptides for
confident comparison of protein expression across and within treatments (Figure S4.11).

These taxa were pennate diatoms, centric diatoms, and Phaeocystis.

Proteins and protein group abundances — We first used a coarse-grained clustering
approach based on (McCain et al., 2022) to pool peptides into three distinct metabolic

categories: light-reaction photosynthetic proteins, RuBisCO and ribosomal proteins. For
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this, we searched protein annotations against character strings that capture these groups.
The photosynthesis group included all peptides with ‘photosyn*’ or ‘light-harvesting
complex’ or ‘flavodoxin’ or ‘plastocyanin’ in their annotation. The RuBisCO group
included all peptides with ‘RuBisCO’ or ‘rubisco’ or ‘bisphosphate carboxylase’ in their
annotation. The ribosome group included all peptides with ‘ribosom*’ in their annotation.
The asterisk (*) in the character string represents a wildcard character. We also used a finer
grained approach to examine the abundance and differential expression patterns of specific
proteins (e.g. Flavodoxin). For this, we searched protein annotations against character

strings specific to the proteins of interest, and used MCL clusters to define a protein/protein

group.

4.6.11 Statistical analysis and visualization

We performed all statistical analyses and visualizations using various packages in R v4.2.1
(Team, 2022). Differential expression and fold-change analyses were conducted on taxon-
normalized protein cluster abundance values using Bayes quasi-likelihood F-tests with the
glmQLFTest function in edgeR v4.2 (Robinson et al., 2010). For this, we first filtered that
data to remove any protein clusters with fewer than two matched peptides. We then imputed
missing values via random forest-based imputation (Jin et al., 2021) using the missForest
v1.5 package (Stekhoven and Biihlmann, 2012), and excluded any proteins that were not
detected in at least 75% of all samples. Fe effect was determined by comparing the low-Fe
to the high-Fe treatments. Temperature effect was determined by comparing the low-
temperature to high-temperature treatments under low Fe. Fe-temperature interaction was
determined by comparing low-Fe low-temperature treatment to high-Fe high-temperature
treatment. An FDR adjusted P-value of 0.05 was used for statistical significance. NMDS
ordination analysis was conducted in two dimensions with 1000 maximum random starts
using the Vegan v2.6.2 package. We used two-way ANOVA followed by Tukey’s HSD
testing to examine the effects of Fe and temperature where indicated. The R packages
ggplot2 v3.4.1 networkD3 v0.4, cowplot v1.1, and ggOceanMaps v1.2.6 (Vihtakari, 2022)

were used for data visualization.
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4.6.12 Data and code availability

All proteomics data including the raw mass spectrometry files and processed data files
have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository
(Perez-Riverol et al. 2021) with the dataset identifier "PXD042627” and ”10.6019/PXD042627”.
All other data will be deposited to a data repository prior to paper submission. All
code for bioinformatics analyses, statistical testing, and data visualization is available at

github.com/bertrand-lab/psll7_metaP.
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4.8 Supporting Information

4.8.1 Supplemental Figures

Bioassay 1
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Figure 4.6: Temperature, photosynthetically active radiation (PAR) and oxygen concentra-
tion from the CTD instrument downcast prior to water collection for bioassay incubations.
Horizontal dashed lines indicate sampling depth for each. Due to the lack of chlorophyll-a
sensor data on these casts, we used oxygen measurements as a proxy for photosynthesis to
determine phytoplankton biomass maxima.
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Figure 4.7: Dissolved concentrations of A) silicate, measured as silicic acid (Si(OH,), B)
Nickle, C) Zinc, D) Copper, E) *Iron (the most abundant iron isotope in the ocean) F)
Cadmium, G) *Iron (the isotope we used in the iron addition treatments), H) Manganese,
and I) Cobalt, all taken at different time points during the incubation period in Bioassay 1
and Bioassay 2. Error bars represent =1 SD and fall within the bounds of points when not
visible.
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Figure 4.8: Abundance of total ion current (TIC), all peptide-like features, and all matched
peptides across all injections. Injection numbers are ordered from earlier to later injections
to show the mass spectrometry run progression. Sample details for each injection number

are shown in Table S4.2
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Figure 4.9: A) Number of MS1 and MS2 scans, and total number of both MS1 and MS2
scans. B) MS1 and MS2 can rate per second (Hz). C) Ratio of the number of MS2 scans
relative to the number of MS1 scans. In all panels, injection numbers are ordered from
earlier to later injections to show the mass spectrometry run progression. Sample details
for each injection number are shown in S4.2
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Figure 4.10: A) Number of electron spray instability (ESI) flags in each injection. B) The
MS1 peak asymmetry metric calculated at 10% and 50% of peak height. A value of 1.00
represents perfectly symmetrical peaks, a negative value represents peak fronting, and a
positive value indicates peak tailing. In all panels, injection numbers are ordered from
earlier to later injections to show the mass spectrometry run progression. Sample details
for each injection number are shown in Table S4.2 Table.
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Figure 4.11: From left to right, bar height represents the number of unique peptides
assigned to each taxonomic group at different taxonomic resolutions. Note that the number
of unique peptides here does not reflect peptide abundance. The number of unique peptides
assigned to the main taxonomic groups are as follows: All peptides = 37472, Eukaryotes
= 27910, Bacteria = 5466, Unknown domain (peptides that could not be linked to a
taxonomic affiliation) = 3208, Diatoms = 14746, Haptophytes = 5622, Centric diatoms =
7353, Pennate Diatoms = 4547, Ambiguous diatoms (diatom peptides that could not be
differentiated between pennate and centric origins) = 2846, Phaeocystis = 5287.
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Figure 4.12: Correlations between database dependent and independent normalization
factors. A) Peptide-like feature abundance plotted against total ion current (TIC). Fre-
quency histogram shows the number of injections (y-axis) with a given peptide-like feature
abundance: TIC ratio (x-axis), calculated up to 4 significant digits. B) Matched peptide
abundance (database dependent) plotted against TIC. Frequency histogram shows the
number of injections with a given matched peptide abundance:TIC ratio, calculated up to
4 significant digits. C) Matched peptide abundance plotted against peptide-like feature
abundance. Frequency histogram shows the number of injections with a given matched
peptide abundance: peptide-like feature abundance ratio, calculated up to 4 significant
digits. In A, B, and C, each point represents one sample injection. Diagonal dashed lines
indicate 1:1 line. Vertical dashed lines indicate the median ratio.
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Figure 4.13: Photosynthetic efficiency (F,/F,,) of F. cylindrus cultures grown under
saturating light at 3 °C and measured during mid-exponential growth. OFe = no added
Fe (Fe deplete), S00Fe = 500 nM EDTA-buffered Fe (Fe replete). OMn = no added Mn
(Mn deplete), 2.5Mn = 2.5 nM EDTA-buffered Mn (medium Mn), 48Mn = 48 nM of
EDTA-buffered Mn (Mn replete). Each point represents one biological replicate. See Jabre
and Bertrand (2020) for detailed methods.
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Figure 4.14: Model fit tests for pigment, flow cytometry and peptide NMDS ordinations
analyses. A high R? (> 0.8) indicates good model fit.
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Figure 4.15: Average abundance of major taxa and functional protein groups at TO in
Bioassay 1 and Bioassay 2. Circle size represents taxon or functional protein abundance
normalized to total protein in each bioassay. “‘Unmatched peptide-like features” indicates
the abundance of possible peptide-like features that were not matched using our database.
“Unkn.” indicates matched proteins with no known function or taxonomic affiliation.
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Figure 4.17: Total, unnormalized, taxon-specific protein abundance calculated as sum of
all taxon-resolved peptide intensities of A) pennate diatoms, B) centric diatoms, and C)
Phaeocystis at TO and after 8 days of iron-temperature incubations. Total taxon protein
abundance was calculated as the sum of all taxon-specific peptide intensities. D), E), and
F) show taxon-specific ribosomal protein allocations in pennate diatoms, centric diatoms
and Phaeocystis, respectively. Error bars represent 1 SD and fall within the bounds of
points when not visible.
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Figure 4.18: Color-coded version of Figure 4.4D, showing N:P ratios acquired from
previously published studies of laboratory cultures grown under nutrient replete conditions
and harvested during the exponential phase in semi-continuous or batch growth. Centric
diatoms include Thalassiosira sp., Chaetoceros sp., Skeletonema sp., and Odontella sp.
Pennate diatoms include Pseudo-nitzschia sp. and Fragilariopsis sp. Data were retrieved
from the cited studies either directly from text and tables, or from figures using the web tool
WebPlotDigitizer (Rohatgi, 2022). Horizontal dashed horizontal lines represent Redfield
N:P ratio of 16. The studies used were as follows: Boyd et al. (2015a); Garcia et al. (2018);
Hoffmann et al. (2007); Lomas et al. (2019); Schiffrine et al. (2022); Spilling et al. (2015);
Xu et al. (2014); Zhu et al. (2016, 2017).
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Figure 4.19: Total protein concentrations calculated from particulate nitrogen measure-
ments using PN*4.78 following (Finkel et al., 2016). Iron addition increases total protein
production, concurrent iron addition and warming cause a synergistic increase in total
protein production.
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Figure 4.20: Particulate vs dissolved >’Fe (nM) at T8 in both bioassay incubations. This
shows that approximately half of the added 2 nM °’Fe was consumed by the microbial
community. The 3’Fe that is unaccounted for by the particulate and dissolved fractions is
likely lost to adsorption to the cubitainer walls or precipitation. Each point represents one

biological replicate.
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Figure 4.21: Global distribution of Fasciclin transcripts acquired from the Ocean Gene
Atlas 2.0 database (Vernette et al., 2022) using a BLAST-p search with 1e-50 threshold.
Circle size is proportional to transcript abundance and plotted using surface (<10 m depth)
samples only. This shows higher Fasciclin transcript abundance in HNLC Southern Ocean
and Equatorial Pacific regions.
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[D>Fe+D>"Fe]/2.67. Error bars represent =1 SD.
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4.8.2 Supplemental Tables

Table 4.2: Order of LC-MS-MS injections with corresponding sample information.

. L. . Temperature Iron . . .
Injection Bioassay treg tment treatment Timepoint Replicate
15,16 BA1 HT -Fe T8 C
18,19 BA1 HT +Fe T8 A
21,22 BA1 HT +Fe T8 B
24,25 BA1 HT +Fe T8 C
27,28 BA1 LT -Fe T8 C
30, 31 BA1 LT +Fe T8 A
33,34 BA1 LT +Fe T8 B
38,39 BA1 LT +Fe T8 C
41, 42 BA1 HT -Fe T8 A
44, 45 BA1 HT -Fe T8 B
48, 49 BA1 TO TO TO A
51,52 BAI TO TO TO B
54, 55 BA1 TO TO TO C
57,58 BA1 LT -Fe T8 B
60, 61 BA2 TO TO TO A
63, 64 BA2 TO TO TO B
66, 67 BA2 TO TO TO C
71,72 BA2 LT -Fe T8 A
74,75 BA2 LT -Fe T8 B
77,78 BA2 LT -Fe T8 C
81, 82 BA2 LT +Fe T8 A
84, 85 BA2 LT +Fe T8 B
87, 88 BA2 LT +Fe T8 C
90, 91 BA2 HT -Fe T8 A
93, 94 BA2 HT -Fe T8 B
96, 97 BA2 HT -Fe T8 C
99, 100 BA2 HT +Fe T8 A
104, 105 BA2 HT +Fe T8 B
107, 108 BA2 HT +Fe T8 C
110, 111 BA1 TO TO TO D
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Table 4.3: Time intervals at which subsampling was carried out for various measurements.

TO T2 T4 Té6 T8
X

Photophysiology

Pigments

Flow cytometry

Dissolved macronutrients
Particulate macronutrients
Dissolved trace metals

Particulate trace metals

T o T T B R S
=
>
>~
XXX X XX

Proteomics

Table 4.4: Liquid chromatography flow rates and solvent composition settings. Arrows
indicate linear increase or decreases in Solvent B* and A** composition.

Time (minutes) Flow (zL/min) % Solvent B % Solvent A

0-15 0.3 5 95
15.1-90 0.25 5—30 95 =70
90.1 - 102 0.25 30 —+ 55 70 — 45
102.1 - 106 0.3 55— 95 45 =5
106.1 - 110 0.3 95 5
111-125 0.3 5 95

* Solvent A: H,O, 0.1% Formic Acid
*%* Solvent B: Acetonitrile, 0.1% Formic Acid
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Table 4.5: Q-Exactive hybrid quadrupole-Orbitrap mass spectrometer settings.

Parameter Setting

TopN 8

Intensity Threshold 83¢e4

Dynamic Exclusion 30 seconds

MST1 Scan Resolution 140000

MS1 Scan Range 400 to 2000 m/z
MS1 Automatic Gain Control Target 3e6

MS?2 Scan Resolution 17500

MS?2 Scan Range 200 to 2000 m/z
M?2 Automatic Gain Control Target 1 €6

MS2 Isolation Window 20m/z
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CHAPTER 5

CONCLUDING REMARKS

This thesis tackles a critical unanswered question: do iron and temperature interactively, or
independently, influence phytoplankton growth and physiology? The current conceptions
of phytoplankton growth in global ecosystem models largely assume that these variables,
along with others, act independently in their impact on growth (Laufkotter et al., 2015).
In other words, a change in one variable has no effect on how other variables impact
growth. However, this assumption is rooted in a general lack of knowledge of the in-
teractive relationship between iron and temperature in phytoplankton, as most studies
have examined these factors in isolation. Here I address this knowledge gap by investi-
gating Southern Ocean phytoplankton growth and underpinning cellular processes under

concurrent changes in iron and temperature.

In Chapter 2, I used trace-metal-clean culturing techniques to grow a model Southern
Ocean diatom (Fragilariopsis cylindrus) under several iron and temperature conditions, and
examined growth rates under these conditions. These experiments showed that changes in
temperature affect how iron impacts growth - warming reduced the amount of iron required
to maintain half maximal growth rates. This new evidence for interactive iron-temperature
relationships in marine photoautotrophs highlights an important parameterization that
is missing from most current models which use non-interactive (i.e., additive or mul-
tiplicative) relationships between growth-controlling factors. These findings also led
to new questions: what cellular mechanisms underpin this interactive iron-temperature

relationship, and does this interaction happen in other phytoplankton groups?

I address the above questions in Chapter 3, where I used metatranscriptomics to

examine gene expression patterns in a Southern Ocean phytoplankton community that
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was incubated under different iron and temperature conditions. First, I found that two
different pennate diatom groups exhibited different growth patterns under these conditions.
One group, Pseudo-nitzchia sp., became more abundant under warming even when iron
availability was limited, while the other group, Fragilariopsis sp. required some additional
iron to benefit from warming. The high sequencing depth achieved through metatranscrip-
tomics then allowed for a close examination of the different cellular mechanisms that may
have contributed to these differences. I found that Pseudo-nitzchia was better equipped to
use iron-conserving photosynthetic processes, iron-conserving nitrogen assimilation mech-
anisms, and increased iron uptake and storage processes under warming. Together, these
findings highlight important differences in how iron and temperature influence growth and
physiology even in closely related Southern Ocean phytoplankton taxa, and suggest that
some phytoplankton groups (like Pseudo-nitzschia) may experience a stronger interactive
iron-temperature effect on growth. Further, this work provides new insight into the cellular
mechanisms (i.e. increased use of iron-conserving processes under warming) that underpin
interactive iron-temperature effects on phytoplankton growth. This also led to more new
questions: how do changes in phytoplankton growth (Chapter 2) and underpinning molec-
ular processes (Chapter 3) influence phytoplankton element stoichiometry and ultimately

ocean biogeochemistry?

I address the above questions in Chapter 4, where I combined metaproteomics with
elemental stoichiometry and community growth measurements from another set of iron-
temperature incubations in the Southern Ocean. I found an amplification of growth
and nutrient drawdown under concurrent warming and increased iron availability, also
consistent with what I observed in experiments from Chapters 2 and 3. This further stresses
the importance of including interactive/synergistic relationships in marine ecosystem
models. I also found that ribosomal abundance could be a possibly useful proteomic trait
for understanding phytoplankton growth under different environmental conditions, but
showed that our conventional formulations of how ribosomes impact N:P stoichiometry
could be nuanced by several other variables. Further, I showed that metaproteomics could
be a useful tool for understanding trace metal use and trace metal stoichiometry within

phytoplankton by connecting metalloprotein abundance with trace metal quotas.

The work in this thesis has advanced our understanding of the phenomenological

and mechanistic processes through which iron and temperature interactively influence
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phytoplankton growth. It also raised many new questions, and uncovered new gaps in

knowledge that underscore the need for further research.

While evidence is emerging for warming-mediated increase in iron use efficiency
(IUE) in nitrogen fixing marine microbes (Yang et al., 2021; Jiang et al., 2018), additional
work is still required to confirm whether temperature-mediated IUE applies in non-nitrogen
fixing phytoplankton. For instance, the work in Chapter 2 showed that a decrease in the
amount of iron required to support growth under warming may be also influenced by
decreased cell size. That is, the cellular quota of iron might decrease under warming, but
the iron:carbon or iron:biovolume might not be impacted. Does warming then increase IUE
of phytoplankton cells regardless of size, or does this depend on changes in cell volume
(biomass)? Answering this question is essential for understanding how changes in iron and
temperature could influence primary productivity, carbon drawdown, and biogeochemical
processes in the ocean. Additional studies combining cell size, iron uptake rates, and
elemental stoichiometry measurements (e.g. iron:carbon, iron:nitrogen) would provide
valuable insight on how temperature influences iron use efficiency from an organismal and

an ecological/biogeochemical perspective.

An interactive iron-temperature relationship appears to be highly beneficial to phyto-
plankton in regions like the Southern Ocean, where iron availability is low and enzymatic
processes are limited by cold water temperatures. Here, the ability to capitalize on small
increases in temperature (thermal energy) allows phytoplankton to increase growth and
primary productivity. However, should we expect similar interactive relationships in
phytoplankton from other regions where iron is replete (e.g. coastal waters), or where
water temperatures do not limit enzymatic processes as much (e.g. temperate regions)?
It is not clear whether an interactive iron-temperature relationship could be beneficial
to phytoplankton in these regions, and if these phytoplankton have evolved the cellular
mechanisms to underpin an interactive iron-temperature relationship. Future studies using
phytoplankton from various ocean environments could identify more important differences
in how iron and temperature (and perhaps other variables) influence phytoplankton growth

and physiology throughout the ocean.

Lastly, it is essential to acknowledge that future change scenarios in the Southern

Ocean encompass a range of factors like alterations in light exposure, pH, stoichiometry
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of nutrient supply, grazing pressure etc. The examination of iron and temperature in
isolation may then provide a biased assessment of phytoplankton growth in a changing
ocean environment. For example, amplified growth under concurrent warming and in-
creased iron availability may be counteracted by increased grazing or photodamage in a
stratified water column. Similarly, changes in trace metal sources (e.g. dust) may alter
the stoichiometry iron:manganese availability (Wyatt et al., 2023) in the Southern Ocean,
which could lead to changes in primary productivity as iron and manganese interact within
cellular processes, and often co-limit phytoplankton growth in the region (Wu et al., 2019;
Browning et al., 2021). Multi-factorial experimental designs, which are most suited for
laboratory culture studies, would be critical for examining the complex interplay between
various environmental variables, and whether other interactive relationships exist between

other growth-controlling factors.

5.1 Future Directions

Proteomics vs transcriptomics — Currently, transcriptomic measurements are more acces-
sible and more cost-effective than mass spectrometry-based proteomics measurements.
Transcriptomic laboratory and bioinformatics workflows are also more developed, and the
sequencing depth achieved by transcriptomics easily surpasses what could be achieved with
conventional proteomics methods. Despite these advantages, there are compelling reasons
for using proteomics. Protein measurements in cultures or in the ocean (metaproteomics)
provide a direct view of the functional machinery (proteins) within cells. This allows us to
establish connections between molecular measurements and metabolism, and ultimately
ecological and biogeochemical processes. The proteomics field is also on the cusp of trans-
formative technological advances ranging from increased mass spectrometer sensitivity to
new methods of measuring proteins such as nanopore and fluorescence de novo sequencing
(Timp and Gregory Timp, 2020; Zhang et al., 2021; Reed et al., 2022; Motone and Nivala,
2023). This will likely allow us to make protein expression measurements at a resolution
close to what is achieved with transcriptomics, and more importantly, at lower cost and
higher accessibility than ever before. These advances could also address many of the cur-
rent methodological challenges associated with mass spectrometry-based proteomics, such

as short peptide sequence lengths and heterogeneous peptide ionization efficiencies, which
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complicate protein inference and abundance measurements. Inevitably, the integration of
proteomics workflows into phytoplankton research will become increasingly prevalent. It
is therefore imperative that we adapt our experimental designs and formulate our research

questions to capitalize on these technological advances.

Connecting proteomics with ecosystem processes — In a sense, one of the holy grails
of Earth system science is to create a unified theory of ocean metabolism. The idea
would be to connect chemical, physical, and biological processes at various scales into a
single description of how the ocean functions and interacts with change. Indeed, complex
ocean circulation-biogeochemistry-ecosystem models, which include microbial metabolic
processes, have been developed (Follows et al., 2007; Dutkiewicz et al., 2009). The
majority of these models, however, rely on inflexible parameterizations derived from
general phenomenological observations, or theoretical expectations. Advances in omics
workflows allow us to examine phytoplankton biology and ecology from mechanistic
perspectives, which might be useful for incorporating flexibility into marine ecosystem
models that are embedded in Earth system models. The question then becomes: how do

we incorporate omics knowledge into these models?

One way is to create detailed cellular models of every microbial type in the ocean
and incorporate these into larger scale ecological and biogeochemical processes. Clearly
this is implausible, but highlights challenges associated with model complexity. Is it
necessary to understand how every protein in every organism connects with cellular and
ecosystem processes? Or is it sufficient to have the simplest possible model that is capable
of reproducing observations? Perhaps somewhere between the two extremes of complexity
is a balanced spot, where a core set of metabolic processes could sufficiently inform Earth

system models.

McCain et al. (2022) proposed a course graining approach where measured proteins
are binned into functionally informative groups (e.g. ribosomes, photosynthetic proteins)
for examining phytoplankton fitness and resource allocation. This grouping of proteins
reduces data complexity (in addition to mitigating methodological obstacles), while main-
taining a level of information that could be sufficient for informing models (e.g. using
proteomics to understand elemental stoichiometry in Chapter 4). It remains unclear how

protein measurements could be incorporated into Earth system models — do we treat protein
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abundance measurements as “traits”, similar to how cell size or photosynthetic capacity
are incorporated into the models? do we treat them as macromolecular pools and build on
established macromolecular allocation models that are being incorporated into larger scale
models (e.g. (Inomura et al., 2020), or should proteomics data be incorporated into models

using completely new frameworks?

As we continue to examine the interplay between proteins and cellular/ecosystem pro-
cesses (e.g. metalloproteins and trace metal quotas), we will develop a better understanding
of which processes can be described with low resolution (e.g. course-graining) approaches,
and which processes require higher resolution (e.g. single protein) measurements. For
this, the examination of laboratory cultures grown under carefully chosen environmental
conditions would serve as a valuable step in connecting molecular processes with metabolic
rates and physiology. The testing and confirmation of these laboratory findings in the field
would ultimately provide a bridge between observations and numerical descriptions in

broader-scale models of ocean processes.
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