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Abstract 
The High Latitude North Atlantic is a globally significant region of deepwater formation 

home to intense primary productivity. Controls on phytoplankton growth in this region 

remain poorly constrained but are thought to seasonally be dominated by iron 

availability, with the potential to be influenced by predicted increases in sea surface 

temperatures. We conducted iron-temperature experiments in the Irminger Basin in late 

summer of 2021 to examine the impact of iron addition, with and without changes in 

temperature, on phytoplankton. We found clear evidence of iron limitation and that iron 

and temperature interactively impacted phytoplankton growth. Bacillariophyta responded 

to iron addition, and metaproteomic analyses revealed diverging strategies between 

Bacillariophyta and Prymnesiophyceae to iron-limiting conditions. Bacillariophyta 

deployed photosynthesis-related protein responses to manage iron stress regardless of 

changes in temperature. These interactive iron-temperature effects on phytoplankton 

growth have implications for the future of bloom progression and the biogeochemistry in 

this key marine region. 
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Chapter 1: Introduction 

1.1 The High Latitude North Atlantic biogeochemical importance  

Oceanographic dynamics in the High Latitude North Atlantic (HLNA), including 

the Nordic Seas, are extremely complex. It is in this region that Arctic and Atlantic water 

masses converge. Thus, the Nordic Seas serve as a gateway between distinct water bodies 

and form a biogeochemical nexus (Logemann et al., 2013; Rudels et al., 2005). The 

HLNA also is also home to productive spring phytoplankton blooms (Moore et al., 2005; 

Sanders et al., 2005). Phytoplankton require light, macronutrients and trace nutrients for 

growth. Much of the year can be light limiting for phytoplankton in the HLNA, however, 

springtime results in increased light availability through the shallowing of the mixed 

depth layer and longer daylight hours. Nutrients are delivered to the surface ocean from 

deep waters via winter convective mixing and come springtime, phytoplankton harness 

both light and nutrients to create large blooms and draw down nutrient concentrations 

(Sverdrup, 1953). Some of this biomass sinks out of the photic zone, and contributes to 

carbon export, a process referred to as the biological carbon pump (Eppley & Peterson, 

1979). As the headwaters for deep water formation that drives thermohaline circulation, 

this region has far-reaching impacts (Dickson et al., 2008). Indeed, the HLNA has one of 

the longest-term storage capacities from the biological pump, where the fraction of 

phytoplankton biomass that makes it to depth may be sequestered in the deep ocean for 

up to a millennium (DeVries et al., 2012). Leftover nutrients at the onset of deep-water 

formation (preformed nutrients) are another key biologically mediated feature with far-

reaching impacts (Marinov et al., 2008). Excess nutrients present at the onset of deep-

water formation have the potential to alter downstream productivity dynamics once 

upwelled, thus changes to productivity and nutrient use in the HLNA are consequential to 

other regions.  

1.2 Iron limitation in the High Latitude North Atlantic  

 Leftover macronutrients have been observed in the HLNA in the summer months, 

after the spring bloom has subsided, indicating that some other factor limits growth and 

results in an inefficiency in the biological carbon pump (Cullen, 1991). Mounting 

evidence suggests Fe may seasonally limit growth in certain areas of the HLNA, 
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particularly the Irminger and Iceland Basins (Achterberg et al., 2018; Measures et al., 

2008; Nielsdóttir et al. 2009). Late-summer Fe concentrations in the HLNA have been 

consistently reported to be sub 0.1 nM (Achterberg et al., 2018; Measures et al., 2008; 

Nielsdóttir et al., 2009). 

To date, literature on iron limitation in the HLNA is complex, indicating high 

interannual and regional (inter-basin) variability. In the Irminger Basin excess surface 

nitrate, between 2-6 µM, has been observed in the summer months (Achterberg et al., 

2018; Ryan-Keogh et al., 2013; Sanders et al., 2005). Leftover surface nitrate has also 

been reported in the Iceland Basin in the summer months (Nielsdóttir et al., 2009; van de 

Poll et al., 2013). However, complete drawdown of surface nitrate was observed in this 

Basin in the summer of 2010 (Achterberg et al., 2018; Ryan-Keogh et al., 2013). In 

Spring of 2010, a volcanic eruption (Eyjafjallajökull) in Iceland resulted in highly 

concentrated fine-scale ash deposition in the Iceland Basin and has been proposed to have 

contributed to complete nitrate drawdown in the Iceland Basin summer of 2010 

(Achterberg et al., 2013). Anomalously high surface dFe concentrations were observed in 

the Irminger Basin in early summer of 2014, which could have been due to bloom 

progression dynamics, or perhaps driven by deeper winter mixing (Tonnard et al., 2020). 

It appears that this region is on the precipice of varying degrees of seasonal iron 

limitation, which may be highly responsive to changes to inputs, as well as shifting 

oceanographic dynamics.  

1.3 Projected changes to HLNA waters 

At a first order the potential amount of carbon export from bloom biomass is 

contingent on the initial dissolved nutrients and their ratios, as well as the community 

which responds to those nutrients. Shifting sea surface temperatures (SST) may impact 

both conditions in the HLNA. SST increases are projected for the seas surrounding 

Iceland, with more pronounced warming anticipated north of Iceland and during late-

summer months (Alexander et al., 2018). For instance, SST is projected to increase by as 

much as ~0.5°C per decade (1976–2099) in both the Iceland and Norwegian Seas during 

late-summer months based on model simulations from the National Center for 
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Atmospheric Research Large Ensemble Community Project (CESM-LENS) (Alexander 

et al., 2018).  

Temperature and salinity are two factors which govern density, and therefore 

stratification dynamics. Increased stratification is anticipated in the HLNA, which may 

impact nutrient supply to the photic zone (Capotondi et al., 2012). Shallower winter 

mixing affects not only macronutrient re-supply to surface waters (such as nitrogen and 

phosphorous), but also micronutrients such as Fe. Winter convective mixing is thought to 

be the largest source of dissolved Fe to surface waters in the HLNA, as aeolian transport 

is limited (Achterberg et al., 2018). Temperature is widely known to be a dominant factor 

in constraining phytoplankton distributions (Acevedo-Trejos et al., 2013). Increasing 

temperatures in conjunction with shifting current dynamics can provide the opportunity 

for northward range-expansion and shifts in community composition (Oziel et al., 2020). 

Recent work has also shown temperature to be a distinctly influential factor in 

phytoplankton communities surrounding Iceland, with clear delineations of groups in 

either Atlantic or Arctic water masses (Cerfonteyn et al., 2023). This is consequential as 

carbon export efficiency has been shown to be highly dependent on community 

composition, with species such as diatoms dominating expected export efficiency (Boyd, 

2010). It has also been proposed that increased temperatures may drive shorter bloom 

periods, whereby nutrients are exhausted earlier in the season, thus shifting the temporal 

dynamics of primary productivity. This may have cascading impacts as phytoplankton 

form the base of the marine food chain, and disjointed relationships between life cycles 

and bloom periods could impact higher trophic levels (Rose et al., 2009). With 

anticipated changes to temperatures and iron delivery to the HLNA, it is imperative to 

examine both the individual and interactive effects of these variables on primary 

producers of this region. Downstream consequences may be far-reaching, influencing 

biological carbon storage, trophic-interactions and the composition of preformed 

nutrients. 

1.3 Fe-Temperature effects on phytoplankton  

There are several phytoplankton cellular requirements for Fe, the largest of which 

is in the photosynthetic electron transport chain. Fe is also required for nitrate 
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assimilation, and in superoxide dismutases (Raven, 1988; Raven et al., 1999). Fe 

requirements in the photosynthetic electron transport chain stem from Fe in PS II (2-3 

Fe), PS I (12 Fe), cytochrome b6-f (5 Fe) and ferredoxin (2 Fe) (Raven et al., 1999). Fe is 

required in nitrate assimilation, in the enzymes nitrate and nitrite reductase (Raven, 

1988). Being critical in energy and nutrient acquisition, Fe is a key regulator of 

phytoplankton growth in the global oceans (Moore et al., 2013). 

Fe and temperature effects on phytoplankton have individually been extensively 

studied (Schoffman et al., 2016). However, there remains much to learn about the 

interactive nature of how these two variables impact phytoplankton growth. Fe and 

temperature may have compounding effects as there is a distinct decoupling of 

temperature effects in phytoplankton growth, where temperature influences enzymatically 

catalyzed reactions, while not exerting influence on photochemical reactions, which 

critically includes the primary photochemical reactions of photosynthesis (Raven & 

Geider, 1988). Here lies the capacity for Fe and temperature effects to be highly 

interactive, as Fe availability does have the capacity to affect the light component of 

photosynthesis, due to the high molecular Fe cost associated with both photosystems 

(Raven et al., 1999).  

 Studies examining interactive effects of temperature and iron on phytoplankton 

have been conducted in situ in the Southern Ocean, as well as in culture experiments. 

Several studies have found interactive effects of temperature and Fe influencing 

phytoplankton growth (Andrew et al., 2019; Rose et al., 2009; Jabre et al., 2021, Jabre et 

al., 2020). Fe sufficiency has been shown to increase upper thermal tolerance in several 

Southern Ocean species (Andrew et al., 2019). Fe-temperature effects have been shown 

to strongly influence nutrient uptake, with Fe addition experiments demonstrating 

increased nutrient uptake rates at higher temperatures (Rose et al., 2009; Spackeen et al., 

2018). This previous Southern Ocean work demonstrates that temperature and Fe can 

have interactive effects on the growth of High Latitude phytoplankton species. The 

HLNA remains less studied with respect to Fe limitation, and essentially unstudied in 

terms of interactive effects of Fe and temperature.  



5 

 

There has been a recent awareness of the need for multiple-stressor studies (Boyd 

et al., 2010, 2015). Importance has been placed on co-limiting relationships with nutrients 

and light (Saito et al., 2008; Schoffman et al., 2016). It is also imperative to understand 

how these relationships are impacted in conjunction with environmental factors such as 

temperature change (Boyd et al., 2010). This is necessary to obtain a more 

comprehensive understanding of how climate change will influence primary producers, 

with projected nutrient and temperature changes. Furthermore, although single-species 

culture studies are mechanistically informative, it is also critical to understand whole 

community responses. Incubation experiments of the natural phytoplankton community 

(termed bioassay experiments) have long been deployed in the field to assess community 

response to environmental variables, be it nutrient additions, or changes to light levels or 

temperature. These experiments typically involve collection of surface sea water, 

manipulations to variables of interest, and tracking of community responses over relevant 

timescales, usually from hours to weeks (Beardall et al., 2001).  

1.5 Metaproteomic approaches: bridging the gap  

Classical methods of interrogating physiological impacts of nutrient stress of 

phytoplankton communities in situ are typically limited to assessing changes in the bulk 

community, or at a finer grain a size-fractioned proportion of the community. Depending 

on the community composition, bulk measurements can be more or less informative of 

species-specific responses to manipulations. Culture experiments are often used to 

validate in situ observations; however, culture experiments do not capture a fully 

representative ‘wild’ community response, with community-scale interactions. Recent 

advances in metaproteomics offer a potential bridging of this gap (McCain et al., 2022). 

Metaproteomics is defined as a snapshot of proteins expressed in a microbiome at a given 

timepoint (Wilmes & Bond, 2004). A typical metaproteomics workflow is achieved 

through extraction of protein from environmental samples, this extract is then digested 

into peptides and analyzed via mass spectrometry. Here, peptide-derived mass spectra are 

obtained and matched to potential peptide sequences through database searching, where 

the identified peptides also receive both functional and taxonomic assignments (Saito et 

al., 2019). This information allows for the investigation of realized cellular protein 
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allocation patterns and investment strategies of different community members within a 

natural matrix (McCain et al., 2022).  

Recent work has leveraged functional annotations to determine the proteomic 

investments in different coarse-grained functional pools. This approach broadly looks at a 

pool of peptides assigned a given function, for instance all peptides identified as 

contributing to ribosomes. The sum of these peptide abundances normalized to the total 

peptide abundances in a sample would constitute the proteomic allocation to ribosomes 

and by extension the proteomic investment in a critical cellular function-protein 

synthesis. This calculation can be conducted for different functional pools and taxonomic 

groups, where the summed peptides for a functional pool from a particular taxonomic 

group is normalized to the total peptide abundance of that group. This has been termed a 

‘proteomic mass fraction’ and allows for functional proteomic allocation strategies to be 

elucidated from specific groups within complex communities (McCain et al., 2022). 

Conducting proteomic data analysis with these coarse-grained approaches, both 

functionally and taxonomically, minimizes biases such as co-fragmentation, and enables 

more robust quantitative comparisons between groups of proteins (McCain & Bertrand, 

2019). We were able to leverage this approach to interrogate group-specific responses of 

the natural phytoplankton community to manipulated iron and temperature conditions in 

the HLNA. 

Single-protein stress markers have been deployed since the mid-90s to interrogate 

iron-stress in the field (LaRoche et al., 1996). Photosynthetic-associated iron-stress 

indicator proteins have included flavodoxin and plastocyanin. Both these proteins serve 

as electron-carriers in the photosynthetic electron transport chain and can substitute for 

iron-containing homologs under iron-stress. However, research continues to unveil 

nuances in the expression patterns of these proteins in response to iron-stress and other 

environmental variables. For example, flavodoxin has been lost in some coastal 

phytoplankton species, and both iron responsive and non-iron responsive forms of 

flavodoxin are found in others (Toulza et al., 2012; Erdner et al., 1999; Whitney et al., 

2011). Plastocyanin is not consistently iron-responsive and has been also shown to 

respond to temperature (Jabre et al., 2021). Despite these complexities, these proteins 
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remain useful diagnostics for unravelling the nutrient stress in phytoplankton, both in the 

field and in response to multi-stressor studies. Here we leveraged metaproteomics to 

interrogate expression levels of flavodoxin and plastocyanin in response to Fe-

temperature manipulations and examined their expression across throughout the Irminger 

Basin.   

To assess the status of iron limitation in the Irminger Basin we conducted a five 

day long shipboard incubation of the surface phytoplankton community. Iron additions 

were conducted at two temperatures to interrogate if there were interactive effects 

between iron and temperature on the community under potential future ocean-warming 

conditions. We then leveraged a suite of methods to examine community composition in 

conjunction with biogeochemical measurements. This multi-tiered approach provided an 

opportunity to inter-compare several compositional datatypes assessing the 

photosynthetic microbial community in a region which has historically been lacking 

characterization. Metaproteomics allowed us to interrogate group-specific protein 

allocation patterns and their response to iron-stress under different temperatures. We 

found clear signs of iron limitation in the Irminger Basin and found diatoms to be 

extremely responsive to iron additions, leveraging a variety of key molecular mechanisms 

to do so. 
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Chapter 2: Methods 

2.1 MetalGate cruise 

Samples were collected on the MetalGate research expedition 64PE474. The 

expedition took place on the RV Pelagia July 18th-August 16th 2021 setting sail from 

Reykjavik, Iceland. A total of 38 stations were sampled, 3 of which are included in this 

thesis, with an additional shallow station (station 4) sampled for collection of surface 

water for a bioassay experiment (see S1 for station coordinates).  

2.2 Trace metal clean water collection  

Trace metal clean sampling was conducted using an ultraclean CTD system 

(UCC) ‘Titan’ specifically constructed for trace metal clean sample collection (De Baar et 

al., 2008). The Titan system was mounted with 24 large volume ‘Pristine’ samplers each 

with a 23 L capacity made of Polypropylene (Rijkenberg et al., 2015). The Titan system 

was lowered using a Kley France winch designed for ultra-clean deployments. Once 

onboard the vessel the UCC was immediately transferred to a designated ultra-clean 

shipping container lab space for trace-metal clean sampling.  

2.3 Bioassay conditions 

The bioassay experiment was conducted using custom-built temperature-

controlled incubators (NIOZ) mounted on the ship deck of RV Pelagia. Incubators were 

positioned on the front deck to minimize any light interference by shading. Two layers of 

neutral density screens were placed over the incubators to achieve ~15% surface 

irradiance conditions inside the incubation bottles. 

Water collection for the bioassay was executed using the UCC system, from 25m 

depth at station 4. Incubations were conducted in 20 L trace-metal cleaned cubitainers, 

with and without 2 nM 57Fe additions and kept at temperature in the tanks. Incubators 

were kept at two temperatures, an in situ temperature (9.1°C), which was the ambient 

temperature of surface water at the collection site, and an elevated +4°C temperature 

(13.1°C). Bioassay treatments included a +2nM Fe treatment, no added Fe and +4°C, 

+2nM Fe at in situ temperature, and no added Fe at in situ temperature. The duration of 

the experiment was 5 days, with a 30% dilution of all experimental treatments with fresh 

surface seawater after 48h, to ensure the community did not exhaust macronutrient 

supply over the duration of the experiment. For the dilution, filtered surface seawater, 
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which was collected at the same time as our initial community at T0, was used. 2 nM Fe 

was added to the diluent for the +Fe treatments.  All sub-sampling of the bioassay, 

including T0, T48 and Tf were conducted in the trace-metal clean container laboratory for 

trace-metal sensitive samples, with water then being allocated for other sampling 

methods outside designated trace-metal clean areas. The bioassay was conducted by Rob 

Middag, Willem van de Poll, Loay Jabre and Lena Beckley, with assistance from other 

members of the cruise to transport water.  

2.4 Pigments 

Pigments were sampled from the UCC. 3-4L of water was filtered onto 47 mm 

GF/F filters under mild vacuum. Samples were snap frozen in liquid nitrogen and stored 

at -80°C. High performance liquid chromatography (HPLC) was preformed at the 

University of Groningen, Netherlands. Filters were freeze dried (48 h) and pigments were 

extracted (48 h at 4 °C) from the filters in the dark using 90% acetone (van Leeuwe et al., 

2006). High performance liquid chromatography (HPLC) pigment separation was 

performed using a Waters HPLC (model 2690), with cooled autosampler at (4°C) 

equipped with a 3.5 μm particle size Zorbax Eclipse XDB-C8 column (Van Heukelem & 

Thomas, 2001). Detection was based on retention time and diode array spectroscopy at 

346 nm (Waters 996 HPLC Photodiode Array Detector). Pigments were quantified 

manually using DHI LAB standards. CHEMTAX v1.95 (Mackey et al., 1996) was used 

for determining taxonomic phytoplankton community composition using initial pigment 

ratios for diatoms, two groups of chlorophyll c3 containing algae (here called 

haptophytes, pelagophytes), cryptophytes, chlorophytes, Synechococcus, and 

dinoflagellates. Afterwards, pelagophytes and haptophytes were pooled. Taxonomic 

composition was expressed relative to chl-a. Pigment sampling was conducted by Willem 

van de Poll and Anna Koek.  

2.5 Photosynthetic characteristics by fast repetition rate fluorometry (FRRf) 

Fast repetition rate fluorometry (FRRf) measurement were conducted onboard. 

Water was collected from the UCC and after 30 min dark acclimation on ice, Fast 

Repetition Rate fluorometry (FRRf) was used to determine chlorophyll a fluorescence 

(chl a F0) and maximum quantum efficiency of PSII (Fv/Fm). A volume of 3.5 mL was 

pipetted in the ice water cooled cuvette of the FRRf (FastOcean Sensor fitted with an 
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Act2 laboratory system, and Act2Run software, Chelsea Technologies Group). The 

instrument was used in a single turnover mode with a saturation phase of 100 flashlets on 

a 2 µs pitch, and a relaxation phase of 40 flashlets on a 60 µs pitch. The excitation 

wavelength of the FRRf's light-emitting diodes was 450 nm. Measurements in darkness 

were used for this manuscript (i.e., measurements without actinic light). 

Photophysiological measurements were conducted by Willem van de Poll and Anna 

Koek.  

2.7 Particulate organic carbon 

Particulate organic carbon (POC) was sampled at T0 and Tf of the bioassay 

experiment. For each bioassay treatment, 1L of water was collected in dark bottles, and 

then filtered through pre-combusted 25mm glass microfiber filters (GF/G, 0.7μm) using a 

mild vacuum pump system (<0.2 mbar). Directly following filtration, filters were 

wrapped in aluminum foil and snap frozen in liquid nitrogen and then stored at -80°C. 

Onshore POC analysis was conducted at NIOZ using a Thermo-Interscience Flash 

EA1112 Series Elemental Anlayzer (Thermo Scientific) (Verardo et al., 1990). Sample 

collection was conducted by Willem van de Poll and Anna Koek, samples were analyzed 

by Willem van de Poll.  

2.8 Nutrient sampling- environmental and experimental 

Water for nutrient samples were obtained from the UCC in high-density 

polyethylene syringes (Terumo®). Samples were then transferred into 5 mL polyethylene 

vials. Samples that were not analyzed within 2-4h of sampling were stored in a 

refrigerator at 4°C. Macronutrient (phosphate, ammonium, nitrite and nitrate) 

measurements were conducted using a continuous gas-segmented flow QuAAtro Auto-

Analyser produced by SEAL Analytical. Nutrients were measured onboard by Sharyn 

Ossebaar. 

2.9 Trace metal sampling 

Dissolved metals were filtered directly from the ‘Pristine’ polypropylene tubes 

over a 0.2 µm PEC Acropak filter under 0.5 bar inline filtered nitrogen pressure and then 

acidified to ~1.7 pH using ultra clean HLC (Normatom Ultrapure, VWR). Samples were 

then analyzed for Multi-Element (ME) determination on shore using a SeaFAST system 

and a High-Resolution Sector Field Inductively Coupled Plasma Mass Spectrometer (HR-



11 

 

ICP-MS) (Gerringa et al., 2020). Trace metal sampling was executed by Rob Middag, 

Rebecca Zitoun and Patrick Laan.  

2.10 Protein, RNA, DNA sampling 

Protein, RNA and DNA sampling were all conducted in a temperature-controlled 

shipping container kept near sea surface temperatures. For protein field samples water 

was obtained from the UCC and sequentially filtered through 3 and 0.2 µm polycarbonate 

filters using a peristaltic pump. Approximate volumes filtered for proteins from field 

stations was ~4-10L. Once field samples were extracted, the two size-fractions were 

pooled prior to digestion. Proteins collected from the bioassay experiment were not size-

fractioned, all the sample was filtered onto a 0.2 µm filter. RNA/DNA samples from the 

bioassay were also not size-fractioned, ~4L was filtered onto a 0.2 µm polycarbonate 

filter. Following filtration filters were placed in 2mL cryovials and stored at -80°C until 

extraction and analysis was conducted at Dalhousie University. Protein and DNA/RNA 

sampling was conducted by Lena Beckley and Loay Jabre.  

2.11 Protein extraction 

Protein was extracted from 0.2 and 3.0 µm polycarbonate filters. While on ice, 

750 µL of 2% SDS extraction buffer (0.1 M Tris/HCl pH 7.5, 5% glycerol, 5 mM EDTA, 

2% SDS) was added to each sample. After 10 minutes, the samples were heated at 95 °C 

while mixing at 350 RPM for 15 minutes. Next, the filters were sonicated on ice for 1 

minute each using a Qsonica Sonicator (Newtown, CT). Settings for the sonicator were 

50% amplitude, 125 W, pulse 15s on, 15s off. After sonication, the filters were incubated 

for 30 minutes at room temperature with a gentle vortex every 10-15 minutes. At this 

point, the supernatant was separated from the filter and transferred into a clean 2 mL 

centrifuge tube. The sample was centrifuged at 15 000 g for 30 minutes, with the 

centrifugation time increased to 45 minutes if the cell pellet was still dispersed or not 

well formed, which happened most often for the 3 µm filters. The supernatant was then 

transferred to a new 2 mL centrifuge tube (safe-lock, Eppendorf). The tube was weighed 

before and after the transfer of the supernatant to determine the volume of extract 

obtained, assuming a density of 1 mg/mL. Protein concentration was determined using a 

Micro BCA Protein Assay Kit (Thermo ScientificTM). Protein extraction was conducted 

by Lena Beckley with assistance from Elden Rowland.  
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2.12 Protein digestion  

 Between 20-60 µg of protein was digested with trypsin using S-trap mini columns 

(Protifi, USA). Protein extracts were reduced by adding 5 mM dithiothreitol (DTT, 

Sigma-Aldrich 97%) dissolved in 50 mM ammonium bicarbonate (Ambic) and incubated 

at 37 °C for 1 hour, 350 RPM. After cooling to room temperature, the extract was 

alkylated by adding 15 mM iodoacetamide (Sigma-Aldrich, BioUltra) dissolved in 50 

mM Ambic. The sample was vortexed briefly, spun down, and left to incubate for 30 

minutes at room temperature in the dark. Next, another 5mM DTT was added at room 

temperature and vortexed. Next, 12% phosphoric acid was added to obtain 1.2% 

concentration in the sample. S-Trap buffer (90% aqueous methanol in 100 mM TEAB, 

pH7.1; TEAB acidified to 7.1 using 85% phosphoric acid) was added in volumes 7 times 

that of the volume of protein extract being digested. Samples in which the addition of S-

trap buffer would result in a total volume greater than 2 mL, were transferred to a 5 mL 

centrifuge tube (Protein LoBind, Eppendorf) with a rinse of the 2 mL tube with S-trap 

buffer to minimize sample loss. After addition of the S-trap buffer, the sample was loaded 

onto the S-traps in 600 µL aliquots. A vacuum extraction manifold (Waters) was used for 

this step and the subsequent washes of the S-trap. The S-traps were then washed with ten 

500 µL volumes of S-trap buffer, and a final wash of 500 µL of 80% methanol. The first 

wash aliquot was used to rinse the sample tube to reduce sample loss. S-trap columns 

were removed, spun at 2000 x g, and moved to a clean 2 mL centrifuge tube. Protein 

captured on the S-trap columns was digested with trypsin (Thermo Scientific™ Pierce™ 

Trypsin Protease, MS Grade) (1:8-1:25 ratio trypsin to total protein) for 12-16 hours at 37 

°C. The trypsin was loaded onto columns in a volume of 125 µl 50 mM TEAB at pH 8. 

Digested samples were then eluted off the S-trap column through a series of washes: 80 

µL of 50 mM Ambic, 80 µL 0.2% aqueous formic acid, and 80 µL 50% acetonitrile 

containing 0.2% formic acid. Columns were spun down at 4000 g for 1 minute after each 

addition. The S-trap column was removed and peptide solutions were transferred to a 1.7 

mL centrifuge tube (protein lobind, Costar) and dried down in a vacufuge (Eppendorf) for 

2-4 hours (V-AQ setting). The dry peptides were then stored at -80°C until reconstitution. 

Dried peptides were reconstituted in a volume of 1% FA, 3% ACN to a concentration of 
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0.5 µg µL-1. Protein digestion was conducted by Lena Beckley, with assistance from 

Elden Rowland.  

2.13 Liquid chromatography tandem mass spectrometry 

Peptide extracts were desalted using 50 mg HyperSep C18 SPE Cartridges 

(Thermo Scientific). Cartridges were primed with 0.5 mL of methanol then 0.5 mL of 

50% acetonitrile followed by equilibration with 1 mL 0.1% TFA. Samples were diluted 

with 0.1% TFA to a volume of ~0.2 mL and, loaded onto cartridges by positive pressure 

from a syringe then the flow through loaded a second time. The cartridges were washed 3 

times with 1 mL of 0.1% TFA using a vacuum manifold. Peptides were eluted with 2 x 

0.2 mL 50% acetonitrile, 0.1% FA, then 0.1 mL 70% acetonitrile, 0.1% FA with positive 

pressure from a syringe. The eluant was brought to dryness in a speed vac as described 

above.  

Desalted samples were solubilized in 1% formic acid, 3% acetonitrile and 

analyzed by reverse phase liquid chromatography tandem MS (LC-MS/MS). 3 µl direct 

injections containing 1 µg of peptide digest were performed onto a 100 µm × 40 cm 

column containing 4 µm, 90 Å, Proteo C18 beads (Phenomenex, Torrance, CA), self-

packed in a fused silica emitter tip (New Objective, Woburn, MA). Chromatography was 

performed using a Dionex Ultimate 3000 UHPLC (Thermo Scientific, San Jose, CA) at a 

flow rate of 0.25 µL/min. Peptides were separated using a gradient of 3–35% B over 

75 min, then 30-55% B over 12 min, followed by 4 min at 95% B, where B solvent was 

0.1 % formic acid in acetonitrile and A solvent was 0.1 % formic acid in HPLC grade 

water. Column outflow was interfaced to a Orbitrap LUMOS Tribrid with a Nanospray 

Flex ion source and FAIMS Pro ion mobility filter (Thermo Scientific, San Jose, CA). 

The ion spray voltage was 1800 V and ion transfer tube 300°C. FAIMS was operated 

with standard resolution and total carrier gas flow of 4.6 L/min. Three FAIMS 

compensation voltages were applied over a fixed 3 second cycle time, 1.2 sec at -50 V, 

1.2 sec at -65 V and 0.6 sec at -80V. 

Survey/precursor scans (MS1) were performed using the Orbitrap with a 400–

1600 m/z mass range and 120,000 resolution (Profile mode, AGC target 100% - 4 e5, 

Max IT 50 ms - Auto, RF lens 30 %). Data dependent MS/MS scans were acquired in 

parallel in the iontrap (Centroid mode, ACG target 100% - 1 e4, Max IT 35 ms - 
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Dynamic, Rapid scan rate) with a 1.6 Da quadrupole isolation window and HCD 

fragmentation with 30% collision energy. Internal mass calibration with fluoranthene was 

performed at the beginning of each run using the RunStartEasyIC feature. Mass 

spectrometry was conducted by Elden Rowland.  

Charge states from only 2 to 6 were fragmented and previously selected 

precursors were added to an exclusion list for 60 s (+/- 10 ppm). The minimum intensity 

threshold for MS2 selection was 5000 and ions were selected from most to least intense.     

2.14 Protein identification and quantitative analysis 

The acquired mass spectra were matched with peptide sequences from a 

metatranscriptome-derived reference database (see below) using MSGF+ within OpenMS 

(Kim & Pevzner, 2014; Röst et al., 2016). The reference database was appended 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). The search was 

conducted using an 8-ppm precursor mass tolerance, and set cysteine 

carbamidomethylation as a fixed modification, and methionine oxidation and N-terminal 

glutamate to pyroglutamate conversion as variable modifications. Lastly, peptide-spectral 

matches were filtered 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 & Gygi, 2007).  Feature intensity (which 

approximates peptide abundance, roughly) was calculated based on MS1 ion intensity 

using FeatureFinderIdentification (Weisser & Choudhary, 2017). Note that peptide to 

MS1 peak area relationships are subject to multiple biases that prevent us from directly 

comparing peak area of small numbers of peptides to each other, though the abundance of 

individual peptides can be compared across treatments. Database searching was 

conducted by Loay Jabre. 

2.15 Protein taxonomic assignments 

Each identified peptide was given a taxonomic annotation. In certain cases, 

peptides received more than one taxonomic assignment. To resolve these annotations, we 

identified unique assignments at the lowest resolution possible. If a peptide was identified 

as belonging to several groups at a given level, it was deemed ‘ambiguous’ at that level, 
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and broader taxonomic classification was searched until a unique assignment was 

reached. This could be as broad as assigning a peptide as belonging to eukaryotes. 

Indeed, a large proportion of peptides could not be resolved further than eukaryotes and 

many of these had functional annotations which we may expect to be broadly shared 

across taxa, for instance from actin-related proteins, histones, and molecular chaperones.  

As the focus of this work was examining the photosynthetic community 

(predominantly at the class level), any peptides belonging to non-photosynthetic 

eukaryotes, or belonging to photosynthetic eukaryotes which could not be resolved at the 

class level were assigned as ‘other eukaryote’. Any bacterial peptides which were not 

assigned to Cyanophyceae at the class level were designated ‘other bacteria’.    

2.16 Protein fraction and expression calculations  

Protein mass fractions were calculated by summing peptide abundances of a given 

functional allocation withing a group, divided by the total peptide abundance of that 

group. A ‘greedy’ approach was used combining KEGG, cog and KOfam functional 

annotations, whereby if any of the following identified a peptide as belonging to a 

functional group of interest, it was designated to that functional group. Ribosomal 

proteins were found by searching for functional annotations including 

“Ribosom/ribosom”. Photosynthetic proteins included photosystems I and II, light-

harvesting complexes, flavodoxin, plastocyanin, chlorophyll a-b binding proteins and 

chloroplast-associated ATPase. Single iron-stress proteins (Flavodoxin and Plastocyanin) 

expression was examined in Bacillariophyta and prymnesiophytes. The peptide intensity 

identified for each protein were summed and then divided by the taxon-specific total 

peptide abundance. All protein expression data analysis was performed by Lena Beckley. 

2.17 16S rRNA gene amplicon sequencing  

DNA was extracted using the Qiagen Allprep DNA/RNA kit. Sequencing of 16S 

rRNA gene amplicons was conducted at the Integrated Microbiome Resource (IMR) 

using an Illumina MiSeq (paired-end mode) of 300 bp. We used the V4-V5 universal 

primer targeting the 16S rRNA gene (Parada et al., 2016). Amplicon Sequencing Variants 

(ASVs) were determined using QIIME (version 2019.7) with established protocols as in 

(Robicheau et al., 2022). ASVs were initially classified using SILVA version 13 (Yilmaz 

et al., 2014), and 16S chloroplast ASVs were reclassified using PhytoREF (Decelle et al., 
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2015). DNA/RNA extractions and 16S rRNA gene amplicon data analyses were 

conducted by Lena Beckley with the assistance of Rebecca Stevens-Green and Jennifer 

Tolman.  

2.18 Comparison of 16S rRNA amplicon sequencing data 

To compare the photosynthetic community composition between the 

metatranscriptome 2019 sites and the MetalGate 2021 experimental dataset, these 

samples were concurrently run through the QIIME pipeline, this allowed direct ASV-

ASV comparisons between the two datasets. Reads were summed across all samples for 

both respective datasets and then ranked by most abundant ASVs. We used the top 50 

most abundant ASVs in the 2019 dataset as a baseline cut-off to represent taxa very likely 

to be adequately represented in the metatranscriptome.  

2.19 Metatranscriptome sample collection  

Water collection for the 2019 metatranscriptome samples occurred July-August 

2019 on the RV Maria S. Merian. Surface seawater (approximately at 2-3m depth) was 

collected from a towed sampling device equipped with acid-washed tubing and suction 

provided by a Teflon bellows pump. Samples were collected into acid-washed 10- or 20-

L high density polyethylene (HDPE) carboys and filtered in a cold room (5 °C) 

sequentially onto 3.0 and 0.2 µm pore-size Isopore polycarbonate (PC) filters (47mm, 

Millipore) using a peristaltic pump and acid-washed Tygon and Silicon tubing. For each 

sample, approximately 1 L of seawater was filtered and filtration was completed within 

45 mins of sample collection. Filters were stored in 2 mL cryovials, immediately shock-

frozen in liquid nitrogen and stored at -80 °C. Sample collection was conducted by Insa 

Rapp.  

2.20 RNA extraction (metatranscriptome) 

RNA was extracted using the AllPrep RNA/DNA Mini Kit (Qiagen), following 

the manufacturer’s protocol, with the exception of adding lysozyme and proteinase K 

prior to extraction. Individual size fractions of 0.2µm and 3 µm were eluted in 50µl. After 

combining same volumes of those fractions, samples were concentrated to a final volume 

of 30 µl using RNeasy MinElute Cleanup kit (Qiagen). RNA extraction was conducted 

by Martha Guzman.  
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2.21 RNA Library preparation and sequencing 

Total RNA was quantified and its integrity was assessed on a LabChip GXII 

(PerkinElmer) instrument. rRNA was depleted from 250 ng of total RNA using QIAseq 

FastSelect (-5S/16S/23S Kit 96rxns and -rRNA Plant Kit). cDNA synthesis was achieved 

with the NEBNext RNA First Strand Synthesis and NEBNext Ultra Directional RNA 

Second Strand Synthesis Modules (New England BioLabs). The remaining steps of 

library preparation were done using and the NEBNext Ultra II DNA Library Prep Kit for 

Illumina (New England BioLabs). Adapters and PCR primers were purchased from New 

England BioLabs. Libraries were quantified using Kapa Illumina GA with Revised 

Primers-SYBR Fast Universal kit (Kapa Biosystems). Average size fragment was 

determined using a LabChip GXII (PerkinElmer) instrument. The libraries were 

normalized and pooled and then denatured in 0.05N NaOH and neutralized using HT1 

buffer. The pool was loaded at 225pM on a Illumina NovaSeq S4 lane using Xp protocol 

as per the manufacturer’s recommendations. The run was performed for 2x100 cycles 

(paired-end mode). A phiX library was used as a control and mixed with libraries at 1% 

level. Base calling was performed with RTA v3.4.4 . Program bcl2fastq2 v2.20 was then 

used to demultiplex samples and generate fastq reads. Library Preparation and 

sequencing was done at Genome Quebec. 

2.22 Metatranscriptome database construction and annotation 

The quality-checked metatranscriptome reads from the 3 samples were assembled 

using Trinity (Grabherr et al., 2011). Following assembly, the contigs were processed 

using a workflow based on the Anvi’O program (Eren et al., 2021). Briefly, the program 

prodigal (Hyatt et al., 2010) was used to identify Open Reading Frames (ORFs) or genes 

from the contigs. The genes were compared to databases such as KEGG (Kanehisa & 

Goto, 2000), COG (Tatusov et al., 1997), PFAM (Mistry et al., 2021) and KOFam 

(Aramaki et al., 2020) for functional annotations. Taxonomic assignments for the genes 

were obtained using EUKulele  (Krinos et al., 2021) using MMETSP (Keeling et al., 

2014) and MarRef (Klemetsen et al., 2018) databases. The gene sequences, translated 

peptides and all relevant information related to the gene sequences was exported as tables 

from Anvi’O and converted into a custom database flatfile using the python scripts from 

the DoT_Gene_Database repository 
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(https://github.com/MichaelWright44/DoT_Gene_Database). Database generation was 

conducted by Dhwani Desai and Martha Guzman.  

2.23 Statistical Analysis and Plotting 

Statistical analyses and plots were generated using R version 4.2.3. and R Studio 

2023.03.0. Statistical analysis of bioassay responses was conducted using two-way 

ANOVAs with interaction terms for iron and temperature responses. Maps were 

generated using ggOceanMaps (Vihtakari, 2022).  
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Chapter 3: Results  

3.1 Study site: Irminger Basin  

The MetalGate cruise circumnavigated Iceland and sampled its surrounding seas 

July-August 2021 (Figure 1). This thesis focuses on the Irminger Basin (stations 2, 4, 6, 

and 7, Figure 1), with a particular focus on the bioassay experiment conducted at station 

4. Station 2 was opportunistically revisited roughly a month after its initial sampling and 

is referred to here as ‘Station 2 Reoccupied’. For peptide identification via the 

metaproteomics pipeline, we used a metatranscriptome collected from this region in July 

2019; sites which contributed to the metatranscriptome are shown in yellow (Figure 1).  

Figure 1. Map indicating MetalGate cruise track and sites of the 2019 metatranscriptome 

collection. White sites indicate Irminger Basin stations that are included in this thesis. Grey 

sites indicate MetalGate (MG) cruise stations not included in this thesis (the complete MG 

cruise track). Yellow sites indicate where sample collection occurred for the 2019 

metatranscriptome. 

3.2 Irminger Basin baseline conditions 

Baseline conditions encountered in the Irminger Basin were broadly uniform 

between stations (Figure 2). Moderate levels of leftover surface nitrate were consistently 

observed at stations 2, 6 and 7 (6-7 µM NO3
-). Surface silicate concentrations ranged 

from 1.5-2 µM. Surface phosphate concentrations were consistently ~0.5 µM. Low 

concentrations of dFe at surface were encountered at all Irminger Basin stations (~0.05-

0.16 nM Fe). Moderately low surface concentrations of dMn were also observed at all 

Irminger Basin stations (0.44-0.47 nM Mn). Relative Fluorescence Units (RFU) values 
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peaked near 20-30m for stations 2, 6 and 7. Pigments were dominated by C3 flagellates 

(a grouping including haptophytes and pelagophytes). Station 2 was reoccupied 

approximately a month after its first sampling. Macronutrient concentrations were 

somewhat drawn down from initial sampling, however a pool of surface nitrate remained 

(4.3 µM NO3
-). Moderate concentrations of surface silicate (~1.7 µM) and phosphate 

(0.34 µM) also were observed at station 2 reoccupied.  

 

Figure 2. Depth profiles of nutrients, trace metals, fluorescence, and pigments in the 

Irminger Basin, 2021. A-Macronutrient profiles in the first 100m (nitrate, phosphate and 

silicate) at stations 2, 2 Reoccupied, 6 and 7 B- Dissolved trace metal concentrations in the 

first 100m (Fe and Mn) at stations 2, 2 Reoccupied, 6, and 7 C-Depth profile of chlorophyll 

in relative fluorescence units (RFUs) in the first 100m D-Depth profile of CHEMTAX 

derived pigment groups in the first 50m. Station 2 Reoccupied is station 2 revisited ~1 

month later.  
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3.3 Database suitability  

Metaproteomic analyses hinge on utilizing representative databases to identify 

detected peptides and match them to organisms and functions (McCain et al. 2022). 

Previous work (Jabre et al., in prep) has shown promising results for using unpaired meta 

transcriptome-derived databases in Southern Ocean metaproteomics, finding that the use 

of a database for matching peptides in one part of the Southern Ocean can be done using 

a deeply sequenced metatranscriptome from another Southern Ocean region. Here we 

interrogated the suitability of using an unpaired metatranscriptome for these analyses in 

the North Atlantic, in this case from the same region and season, but two years prior, and 

from surface samples only (Figure 1). First, we used 16S rRNA gene amplicon 

sequencing to compare the dominant photosynthetic community members from the 2019 

sampling to our 2021 sampling. Second, we evaluated the proportion of mass spectra 

collected in our 2021 efforts that were identified using the 2019 database, as described 

below.  

The first approach we used to assess the 2019 metatranscriptome database 

suitability was a comparison of the photosynthetic community composition between the 

2019 and 2021 sampling. We did this by comparing chloroplast and cyanobacterial 16S 

rRNA gene amplicon sequence variants (ASVs) between the 2019 and 2021 datasets. For 

the 2021 dataset we examined samples at T0 and Tf of the bioassay experiment. For the 

2019 dataset, all samples from all sites which contributed to the 2019 metatranscriptome 

creation were included in this analysis. Our goal was to determine how well-represented 

we expect the overall 2021 photosynthetic community to be in the 2019 

metatranscriptome. To determine this, we ranked the most abundant ASVs for each 

dataset and then examined how many ASVs from 2021 were paired with the 50 most 

abundant ASVs from the 2019 dataset, and determined their contribution to total read 

counts (Figure 3). Overall, we found that of the top 50 most abundant ASVs in the 2019 

metatranscriptome samples, 40 of these ASVs were also found in the 2021 dataset and 

represented 73% of all reads in the 2021 dataset. Of the top 10 most abundant 2021 

ASVs, 8 were also found in the 2019 top 50 most abundant ASVs. This subset of top 10 

2021 ASVs represented 59% of all 2021 reads (Figure 3). Thus, we were reasonably 

confident that the 2019 database had adequate coverage of the most abundant 
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photosynthetic community members within the 2021 dataset, and we proceeded to use the 

2019 database for database searching peptide IDs. 

  

 

Figure 3. The percentage of reads from chloroplast and cyanobacterial 16S amplicon 

sequence variants (ASVs) which matched between the 2021 dataset and the 50 most 

abundant ASVs in the 2019 dataset. Outer circle-the percentage of total 2021 reads from 

ASVs paired in the 2019 dataset. Inner circle-the percentage of the 10 most abundant 

ASVs in the 2021 dataset that paired to top 50 ASVs in the 2019 dataset. 

Database searching is a critical step in metaproteomics to match observed mass 

spectra to theoretical spectra generated from possible protein sequences, predicted using a 

metatranscriptome, to ultimately determine peptide sequences, origin, and function. Our 

database searching resulted in 48,294 unique peptide IDs across all experiment and depth 

profile samples. We evaluated the quality of the database matching by examining the 

proportion of the mass spectrometry signal that could be matched with a peptide 

sequence. Assessment of the proportion of Total Ion Current (TIC, which represents the 

material observed via mass spectrometry, which we expect to be mostly protein) that was 

matched to a peptide ID in this study, revealed a marked depth-dependence in field 
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samples (Figure 4). Samples above 50m had relatively high percentages of TIC accounted 

for by matched peptides, which were variable, between 17-55%, and averaged 21%. 

Samples taken at 50m and below showed a sharp decline in TIC matched, ranging from 

4-12% and averaging 9%. Work in the Arctic and Atlantic using paired 

metatranscriptomes (i.e a metatranscriptome assembled from samples taken from the 

same water mass), have found that ~25-30% (Rapp et al., in prep) and ~40% (White et 

al., in prep) of TIC was matched to a peptide ID. Based on these paired database metrics 

we determined our match rates within the first 40m were sufficient for downstream 

analyses. The metatranscriptome database was deemed unsuitable for reasonable 

quantitative evaluation of deeper samples, and subsequent metaproteomic analyses were 

conducted for the first 40m only.  

 

Figure 4. The proportion of total ion current (TIC) that was matched to a peptide ID after 

database searching, through the water column (0-75m) at stations 2, 2 Reoccupied, and 6. 

TIC represents the total material observed via mass spectrometry (which we expect to be 

mostly protein), MS1 represents the total material observed via mass spectrometry, which 

was matched to a peptide ID. The proportion of TIC matched to MS1 is the proportion of 

total material observed via mass spectrometry which was matched to a peptide ID.  
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3.4 Irminger Basin protein-based community composition  

The microbial community composition in the Irminger Basin as revealed through 

metaproteomics showed a rather consistent surface community across stations. To 

examine community composition with metaproteomics, peptide abundances were pooled 

at the class level, normalized by the total identified peptide abundance per sample. If a 

peptide could not be resolved to class, it was resolved by the next most precise taxonomy, 

and then assigned to a broader pool such as ‘other eukaryote’, or ‘other bacteria’. Major 

contributions to the photosynthetic community included Bacillariophyta, 

Prymnesiophyceae and Dinophyceae, each contributed on average just under 4% of the 

total identified peptide abundance in field samples (Figure 5). Smaller contributions 

included Cryptophyceae, Cyanophyceae and Pelagophyceae, all contributing on average 

less than 2% of the total identified peptide abundance across field sites (Figure 5). Much 

of the protein identified at field sites were from eukaryotes which were either not able to 

be further resolved (i.e ambiguous eukaryotes), or from heterotrophic eukaryotes, which 

were not the focus of our inquiry here, for instance Spirotrichea ciliates. Oftentimes 

peptides which were identified as ambiguous at the eukaryotic level came from proteins 

which we may expect to be broadly shared across taxa, for instance from actin-related 

proteins, histones, and molecular chaperones. Ambiguous and other eukaryotic peptides 

combined contributed between 50-78% of the total community composition across field 

sites (Figure 5).  
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Figure 5.  Relative contributions of different taxa to identified peptide abundance at field 

sites 2, 2 Reoccupied, 4 and 6 based on untargeted metaproteomics. Relative abundance is 

calculated by normalizing peptides by the total identified peptide abundance per sample 

and grouping by taxa. 

 Two of the most abundant phytoplankton groups found in the Irminger Basin were 

Bacillariophyta and Prymnesiophyceae. We further examined the composition of each, at 

the genus level across depth-profiles in the Basin. Pseudo-nitzschia contributed on 

average 34% of total bacillariophyte protein across initial sampling of the Basin, however 

dropped to 6% upon reoccupation of station 2 (Figure 6). Thalassiosira contributed on 

average 5% to total bacillariophyte protein upon initial sampling of the Basin but 

increased to 35% at reoccupation of station 2. Prymnesiophyceae composition remained 

rather consistent across the Basin and sampling periods, with the notable exception of 

increased abundance of Coccolithus at station 6. Generally, prymnesiophyte protein was 

dominated by Phaeocystis (45% on average), and Chrysochromulina (26% on average) 

(Figure 6). 
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Figure 6. Group-normalized protein contributions of Bacillariophyta and 

Prymnesiophyceae protein across field stations 2, 2 reoccupied, 4 and 6 from 0-30m. 

Peptide abundances were normalized by the sum of peptide abundances from each 

respective group (Bacillariophyta and Prymnesiophyceae) and pooled at the genus level. 
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Any genus which contributed less than 1% across all samples are included in each figure 

but shown in beige. A-Bacillariophyta peptides B-Prymnesiophyceae peptides. 

 

3.5 Biogeochemical bioassay results 

A bioassay, manipulating temperature and iron availability, was conducted at 

station 4. Water for the bioassay experiment was collected at 25m depth. Nutrient 

drawdown and bulk physiological changes were observed in treatments throughout the 

five-day duration of the bioassay experiment, in which iron availability and temperature 

were manipulated (Figure 7). Nitrate, Phosphate and Silicate drawdown all had a 

pronounced iron effect (p<0.001) (S2). Nitrate concentrations were drawn down from 7.7 

µM±0.03 at T0 to 2.7 µM ±1 in the in situ temperature +Fe treatment, and 0.06 µM±0.01 

in the +4°C +Fe treatment. A much more pronounced nitrate pool remained at Tf in both 

the +4°C (5.5 µM ±0.2) and in situ temperature (6.4 µM±0.5) treatments. Temperature 

also had a main effect on nitrate drawdown (p<0.001), the interactive effect of temperature 

and iron on nitrate drawdown was significant at (p<0.05). Iron had a main effect on silicate 

drawdown with starting concentrations of 2 µM ±0.03, and final concentrations of 0.1 

µM±0.06 in +4°C +Fe and 0.69 µM±0.2 in in situ temperature +Fe treatments, while 

controls at both temperatures had markedly less silicate drawdown, to final concentrations 

of 1.6 µM±0.09 at in situ temperature, and 1.3 µM ±0.04 in the +4°C treatment. Fv/Fm 

values represent the maximum quantum yield of PSII and are widely used as a diagnostic 

for photosynthetic efficiency and nutrient stress in phytoplankton. Fv/Fm values at T0 were 

0.32 ±0.01, they increased in +Fe treatments at Tf to be 0.47 ±0.04 for the in situ 

temperature +Fe treatment, and 0.46±0.004 for the +4°C +Fe treatment. Temperature did 

not have a significant effect on Tf Fv/Fm but iron did at (p<0.001). Starting Chl-a values 

were 0.51 µg/L ±0.06 and increased in the +Fe treatments to 2.6 µg/L ±0.4 for in situ 

temperature +Fe and 4.7 µg/L ±0.8 in the +4°C+Fe treatment. Both temperature treatments 

without added Fe did not see the same magnitude of increased Chl-a. The in situ 

temperature treatment at Tf decreased slightly to 0.46 µg/L ±0.2, and the +4°C had a slight 

increase to 0.71 µg/L ±0.02. Iron had a significant main effect on Tf Chl-a (p<0.001). Fe 

treatments were amended with 57Fe, leftover amounts of 57Fe (0.29-0.44 nM) can be seen 

in the +Fe treatments and not the controls.   



28 

 

 

 

 

Figure 7. Biogeochemical responses to a five-day Fe-temperature bioassay experiment. 

A- Nitrate values at T0, T48 and Tf of the bioassay measured onboard using a flow 

QuAAtro Auto-Analyzer, B- Phosphate values at T0, T48 and Tf of the bioassay measured 

onboard using a flow QuAAtro Auto-Analyzer, C-Silicate concentrations measured at T0, 

T48 and Tf  of the bioassay, D- Fv/Fm values at T0, T48 and Tf of the bioassay measured 

onboard using FRRf , E- Chl-a concentrations at T0, T48 and Tf of the bioassay, F- POC 

values at T0 and Tf of the bioassay, G- Dissolved Mn measurements at T0,and Tf H-

Dissolved 56Fe measurements at T0,and Tf, F, Dissolved 57Fe measurements at T0,and Tf.. 

3.6 Bioassay results-Community Composition 

We examined changes to the community composition throughout the experiment 

with three approaches. We assessed shifts in the relative abundance of the photosynthetic 

microbial community classes by examining chloroplast and cyanobacterial 16S rRNA 

gene ASVs. We also used CHEMTAX-derived pigment data to assess shifts in the 

photosynthetic community. Through untargeted metaproteomics, we examined the entire 

microbial community composition.  
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One of our assessments of community composition shifts in the bioassay 

experiment leveraged chloroplast and cyanobacterial 16S rRNA gene ASVs to examine 

changes to the phytoplankton community (Figure 8). We examined ASVs at the class 

designation, all ASV reads were normalized to the total reads per sample, and then 

grouped by class. The percent of reads mapped to ASVs assigned to Bacillariophyta 

increased from 23%±5 at T0, to 44%±4 at Tf in the in situ temperature +Fe and 47%±3 

in the +4°C +Fe treatments. This increase in proportion of Bacillariophyta reads was not 

observed in the controls at Tf, with 26%±7 (in situ temperature) and 25%±7 (+4°C). The 

percent of ASV reads assigned to pelagophytes was 11%±1 at T0, remained nearly 

constant in the in situ temperature 11%±2 and increased slightly in the in situ 

temperature +Fe treatment 14%±7 at Tf. Decreases were observed in both the high 

temperature treatments to 6%±1 in the +4°C and 9%±2 in the +4°C +Fe at Tf. Reads 

assigned to Cyanophyceae were 45%±10 at T0 and decreased in all treatments at Tf. The 

largest decrease in Cyanophyceae contribution was observed in the in situ temperature 

+Fe treatment to 13%±5 at Tf. The relative Cyanophyceae contribution was similar in the 

in situ temperature (18%±2) and +4°C +Fe (18%±1) treatments. The treatment which 

saw the least decline in relative Cyanophyceae contribution was +4°C with 36%±5 at Tf. 

Reads assigned to Prymnesiophyceae contributed 17%±5 at T0, and increased in all 

treatments. The largest increase in Prymnesiophyceae contribution was in the in situ 

temperature treatment (33%±4), then the +4°C treatment (26%±3). Slight increases were 

seen in both iron treatments with 21%±4 in the in situ temperature +Fe and 19%±2 in 

the +4°C +Fe treatment at Tf (Figure 8). The majority of prymnesiophyte ASVs were not 

resolved further than class level (85% averaged across samples).  

We also assessed shifts in the photosynthetic community as revealed through 

pigments. Diatoms made up a small percentage of overall pigment contributions at T0 

(3%±6) and increased in all treatments (33%±2 in situ temperature, 26%±6 +4°C), but 

was most pronounced in the iron treatments with 67%±5 in the in situ temperature +Fe 

and 68%±6 relative diatom pigment contribution in the +4°C +Fe treatments at Tf 

(Figure 8). Synechococcus pigments made up a rather small percentage of pigments 

never contributing more than 2% across all T0 and Tf samples. C3 Flagellates made up the 
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majority of pigments at the beginning of the experiment 85%±5, and decreased in all 

treatments, to 57%±5 in the in situ temperature treatment and 64%±6 in the +4°C 

treatment at Tf. A more pronounced decrease was seen in the iron treatments with 25%±4 

in the in situ temperature +Fe and 26%±5 C3 flagellate relative pigment contribution in 

the +4°C +Fe treatment at Tf (Figure 8). 

Through metaproteomics we were able to assess the entire microbial community 

composition via peptide abundances, grouped at the class level and normalized by the 

total identified peptide abundance per sample. If a peptide could not be resolved to class, 

it was resolved by the next most precise taxonomy. The relative contribution of 

Bacillariophyta to total protein was 3%±0.5 at T0 and increased to 26%±4 at Tf for the in 

situ temperature +Fe and 31%±3 at Tf for +4°C +Fe (Figure 8). Relative contribution of 

Bacillariophyta to total identified protein increased marginally in the controls to 9%±2 

for in situ temperature and 7%±1 for the +4°C. Cyanophyta contribution to total 

identified protein did not exceed 2% for any of the treatments, or at T0. Pelagophyte 

contribution to total identified protein also did not exceed 2% for any of the treatments. 

Prymnesiophyte contribution to total identified protein was 6%±2 at T0 and increased in 

both the low temperature treatments 9%±3 in situ temperature and 7%±3 in situ 

temperature +Fe. Prymnesiophyte contribution to total identified protein remained the 

same or decreased slightly in the high temperature treatments to 6%±2 in the +4°C and 

4%±1 in the +4°C +Fe treatment (Figure 8). Ambiguous eukaryote contribution to total 

identified protein was rather consistent across timepoints and treatments and made up on 

average 29%±5 across all experimental samples. Non-cyanobacterial bacteria made up 

on average 8%±3 of total identified protein across samples (Figure 8).  
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Figure 8. Microbial community composition at T0 and Tf of the bioassay experiment with 

a focus on phytoplankton. A-relative abundance of chloroplast and cyanobacterial 16S 
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rRNA gene amplicon reads by class B-CHEMTAX derived relative contribution of 

pigments normalized to chl-a C-Relative peptide abundance per taxa, calculated by 

normalizing peptide abundances to the total peptide abundance per sample.  

 To assess the community of our two most abundant photosynthetic groups we 

used peptides to examine Bacillariophyta and Prymnesiophyceae proteins at the genus 

level across the bioassay samples. Taxonomic analysis at this grain across experimental 

samples had two goals: Firstly, to reveal any genus-level responses to the experimental 

bioassay conditions and secondly, to determine the taxonomic resolution that should be 

used to conduct additional metaproteomic analyses.  

Although the contribution of Bacillariophyta protein to the whole community 

shifted throughout the duration of the experiment, the composition of this group remained 

rather consistent between timepoints and treatments. The dominant Bacillariophyta genus 

was Pseudo-nitzschia, ranging from 25-44% of the diatom community, with an average 

of 37%±4 across T0 and Tf samples (Figure 9). Chaetoceros, Fragilariopsis and 

Nitzschia each constituted on average ~5% of the diatom community. The remaining bulk 

of the community (25% on average) could not be resolved any further than 

Bacillariophyta.  

The dominant contributors to Prymnesiophyceae protein were Phaeocystis and 

Chrysochromulina, each made up on average 19% of the prymnesiophyte class across T0 

and Tf samples (Figure 9). However, there was a larger spread of relative contributions of 

these two groups within prymnesiophytes. The relative contribution of Phaeocystis 

ranged from 7-44% of prymnesiophyte peptides. Chrysochromulina ranged from 8-28% 

of prymnesiophyte peptides. The genus Emiliania contributed on average 3% to 

prymensiophyte protein. On average half of the peptides assigned to prymnesiophytes 

could not be resolved further than class level (50%±14) (Figure 9).  

Both Bacillariophyta and Prymnesiophyceae had relatively high proportions of 

protein that could not be resolved further than class level. The composition of 

Bacillariophyta was extremely consistent across samples. Although the composition of 

Prymnesiophyceae was more varied across samples, there did not appear to be any dramatic 

community shifts in response to treatments. Based on this, and the fact that our next 

metaproteomics analysis steps are best conducted using large pools of proteins, we 
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determined that subsequent analyses should be conducted at the grain of these two broad 

groups (Bacillariophyta and Prymnesiophyceae). 
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Figure 9. Group-normalized protein contributions to Bacillariophyta and 

Prymnesiophyceae at T0 and Tf of the bioassay experiment. Peptide abundances were 

normalized to the sum of all identified peptide abundances from each respective group 

(Bacillariophyta and Prymnesiophyceae) and pooled at the genus level. Any genus which 

contributed less than 1% across all samples are included in each figure but shown in 

beige. A-Bacillariophyta peptides B-Prymnesiophyceae peptides. 

3.7 Protein allocation to cellular functions 

To examine proteomic allocation strategies of our two most abundant 

photosynthetic groups, we assessed the ribosomal and photosynthetic protein fractions, or 

the proportion of total protein allocated to these two key functions, in Bacillariophyta and 

Prymnesiophyceae. For the purposes of this analysis, photosynthetic protein fraction is 

inclusive of the light-dependant reactions only. A total of 4954 taxon-specific peptides 

were identified for Bacillariophyta. Of these Bacillariophyta peptides, 588 were identified 

as ribosomal and 270 were identified as relating to photosynthesis. We found 4419 taxon-

specific peptides for Prymnesiophyceae. A total of 468 prymnesiophyte peptides were 

identified as ribosomal and 397 were identified as relating to photosynthesis (see S3 for 

list of n peptides in groups). 

Bacillariophyta ribosomal protein fractions saw a main affect with iron (p<0.001), 

and temperature (p<0.05) (Figure 10, S4). Prymnesiophyceae ribosomal protein fractions 

did not have any statistically significant temperature or iron effects (S5). Both 

Bacillariophyta and Prymnesiophyceae ribosomal protein fractions saw the highest values 

in the in situ temperature +Fe treatment at Tf. 

The Bacillariophyta photosynthetic protein fraction did not see any statistically 

significant effects from either iron or temperature (Figure 10). Prymnesiophyceae 

photosynthetic protein fractions did not see any statistically significant iron or 

temperature effects (S4). In prymnesiophytes the highest photosynthetic protein fractions 

were observed in the higher temperature treatment under both iron conditions.  

Protein fractions for rubisco, the key Calivn cycle enzyme, were also calculated. 

A total of 46 rubisco peptides were identified in Bacillariophyta, 67 rubisco peptides were 

identified in Prymnesiophytes. Rubisco protein fractions had no significant effects from 

either iron treatment or temperature in Bacillariophyta (Figure 10). However, on average 
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the highest values for both iron conditions were found in the high temperature treatment. 

Rubisco protein fractions for prymnesiophytes did see a significant temperature effect 

(p<0.05), but no significant iron effects.  

 

Figure 10. Group-normalized protein fractions for ribosomal proteins, photosynthetic 

proteins, and rubisco in Bacillariophyta and Prymnesiophyceae. A-Bacillariophyta 

ribosomal protein fraction B-Prymnesiophyceae ribosomal protein fraction C-

Bacillariophyta photosynthetic protein fraction D-Prymnesiophyceae photosynthetic 

protein fraction E-Bacillariophyta rubisco protein fraction F-Prymnesiophyceae rubisco 

protein fraction. See S3 for overall n peptides identified for each taxa, S6 for sample-
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specific n peptides identified in Bacillariophyta, S7 for sample-specific n peptides 

identified in Prymnesiophyceae.  

 

Protein allocation to ribosomal proteins, photosynthetic proteins and rubisco were 

also assessed in Bacillariophyta and Prymnesiophyceae at all field stations. 

Bacillariophyta ribosomal protein fractions at field stations ranged from 4-22% (Figure 

11). The highest values were observed at station 6, all other stations reported ribosomal 

protein fractions contributing less than 10% of Bacillariophyta protein. The 

photosynthetic protein faction in Bacillariophyta ranged from 7-13% across field sites. 

The Bacillariophyta rubisco protein fraction ranged from 3-14% across field samples. 

The lowest values for rubisco protein fractions were found at station 2. The ribosomal 

protein fraction in prymnesiophytes ranged from 5-15% in field samples. The 

photosynthetic protein fraction in prymnesiophytes ranged from 5-16% of 

prymnesiophyte protein in field samples but was 11% on average. The rubisco protein 

fraction in prymnesiophytes ranged from 2-5% across field samples (Figure 11). 

 

Figure 11. Group-normalized protein allocation to ribosomal proteins, photosynthetic 

proteins and rubisco in Bacillariophyta and Prymnesiophyceae at stations 2, 2 

Reoccupied, 4 and 6 from 0-30m depth. 
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3.8 Photosynthetic protein allocation patterns 

In addition to the bulk photosynthetic protein allocation analysis, we assessed 

proteomic allocation to different components of the light-dependent photosynthetic pool. 

Here, we examined how PSI, PSII, chloroplast-associated ATPase, flavodoxin and 

plastocyanin contributions to the photosynthetic protein pool changed in our two 

dominant photosynthetic groups (Bacillariophyta and Prymnesiophyceae) in the bioassay 

experiment.  

In Bacillariophyta at T0 plastocyanin contributed 36%±5 to the photosynthetic 

protein pool (Figure 12). Plastocyanin was nearly unchanged in the in situ temperature 

treatment (37%±6) and decreased slightly in the +4°C treatment (32% ±8). Both +Fe 

treatments saw declines in plastocyanin contribution to photosynthetic protein. 

Plastocyanin contribution decreased to 11%±2 in the in situ temperature +Fe treatment 

and 13%±5 of photosynthetic protein in the +4°C +Fe treatment. Flavodoxin protein 

contribution to the photosynthetic pool was 19%±2 at T0 in Bacillariophyta. Flavodoxin 

contribution to the photosynthetic pool increased in both the controls to 34%±3 in the in 

situ temperature treatment and 34%±4 in the +4°C treatment. Flavodoxin contribution to 

the photosynthetic pool decreased in both the iron-amended treatments to 9%±1 in the in 

situ temperature +Fe and 8%±2 in the +4°C +Fe treatment. The protein contribution of 

PSI to the photosynthetic pool at T0 was 0.5%±0.4 in Bacillariophyta. PSI contribution 

remained below 1% in both controls but increased to 7%±2 in the in situ temperature +Fe 

and 9%±1 in the +4°C +Fe treatment. PSII contribution to photosynthetic protein was 

4%±0.4 at T0 in Bacillariophyta. PSII contribution to the photosynthetic pool remained 

similar in both the controls, contributing 3%±1 in the in situ temperature and 3%±2 in 

the +4°C treatment at Tf. PSII protein contribution to photosynthetic protein increased in 

both the iron-amended treatments to 24%±9 in the in situ temperature +Fe and 19%±5 in 

the +4°C +Fe treatments at Tf. ATPase contribution to photosynthetic protein was 33%±6 

at T0 and decreased in both the controls to 22%±6 in the in situ temperature and 27%± 

12 in the +4°C treatment. Both the iron amended treatments saw increases in contribution 
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of ATPase to photosynthetic protein, to 40%±7 in the in situ temperature +Fe and 42%±4 

in the +4°C +Fe treatment at Tf. 

In Prymnesiophyceae ATPase was the dominant contributor to the photosynthetic 

protein pool, starting at 73%±4 at T0, increasing to 85%±7 in the in situ temperature and 

85%±2 in the +4°C (Figure 12). ATPase contribution to the photosynthetic protein pool 

remained similar to T0 values in both iron treatments, contributing 71%±5 in the in situ 

temperature +Fe and 75%±3 in the +4°C +Fe treatment at Tf. Flavodoxin contribution to 

the photosynthetic pool was 2%±2 at T0 and in the in situ temperature at Tf. Flavodoxin 

contribution to the photosynthetic pool was 1%±0.03 in the +4°C, was not detected in the 

in situ temperature and was 0.5%±0.03 in the +4°C +Fe treatment. Plastocyanin was 

undetected in the +4°C and +4°C +Fe treatments. Plastocyanin contribution to the 

photosynthetic protein pool was less than 1% at T0 as well as the in situ temperature and 

less than 2% in the in situ temperature +Fe treatment at Tf. PSI contribution to 

photosynthetic protein was 4%±4 at T0, remained 4%±0.1 in the in situ temperature +Fe 

treatment and increased slightly to 6%±6 in the +4°C +Fe treatment. PSI contribution to 

photosynthetic protein decreased in the controls to 1%±0.5 in the in situ temperature and 

2%±1 in the +4°C. PSII contribution to the photosynthetic protein pool was 13%±3 at 

T0, decreased to 9%±5 in the in situ temperature and 10%±2 in the +4°C. PSII 

contribution to the photosynthetic protein pool increased to 18%±5 in the in situ 

temperature +Fe treatment and remained similar to T0 values with 12%±5 in the +4°C 

+Fe treatment.  
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Figure 12. Composition of the light-dependent photosynthetic protein pool in 

Bacillariophyta and Prymnesiophyceae. Here the total peak area of ATPase, flavodoxin, 

plastocyanin, PSI, PSII and ‘other photosynthetic’ peptides were normalized to the total 

group-specific photosynthetic peptide abundance (Bacillariophyta and 

Prymnesiophyceae). A-Relative peptide contributions to photosynthetic pool in 

Bacillariophyta B-Relative peptide contributions to photosynthetic pool in 

Prymnesiophyceae.  
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3.9 Flavodoxin and Plastocyanin Protein expression patterns 

Flavodoxin and plastocyanin are two classic iron-stress response proteins. We 

analyzed the expression of each protein normalized to total group-specific protein for 

Bacillariophyta and Prymnesiophytes throughout the experiment. Here, we were able to 

assess changes in expression of each of these proteins under both iron-stressed and iron-

amended conditions, and then compare the trends observed in our experiment to the 

trends observed in field samples. In Bacillariophyta, both flavodoxin and plastocyanin 

were detected in each incubation sample at Tf (Figure 13). Plastocyanin protein 

expression for Bacillariophyta was highest in the controls at both temperatures. 

Flavodoxin protein expression was also highest in the controls at both temperatures in 

Bacillariophyta. 

In Prymnesiophyceae flavodoxin was observed in all samples except for one in 

situ temperature +Fe triplicate (Figure 13). Plastocyanin had a paucity of observations in 

prymnesiophytes, with one observation in a singular in situ temperature and in situ 

temperature +Fe sample at Tf. The samples with the greatest flavodoxin protein 

expression values for prymnesiophytes were found in the controls, at both high and low 

temperatures.  
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Figure 13. Flavodoxin and plastocyanin peptide expression, normalized to total group 

peptide abundance in Bacillariophyta and Prymnesiophyceae. A- Flavodoxin and 

plastocyanin peptide expression in Bacillariophyta B-Flavodoxin and plastocyanin 

peptide expression in Prymnesiophyceae. 

 We also examined taxon-normalized flavodoxin and plastocyanin expression in 

station samples for Bacillariophyta and prymnesiophytes (Figure 14). Both proteins were 

detected at each depth for each site interrogated in Bacillariophyta. Generally, the greatest 

plastocyanin protein expression values observed in Bacillariophyta were at the ~25m 

depth. During initial sampling of the Basin both plastocyanin and flavodoxin expression 

were higher than was observed in the +Fe treatments. Station 2 reoccupied detected both 

flavodoxin and plastocyanin in Bacillariophyta although both proteins had much lower 

values than was observed in the initial sampling of station 2 (Figure 14). 

Flavodoxin was detected in prymnesiophytes at all stations and depths except for 

at 25m at station 2 reoccupied (Figure 14). Stations 2, 4 and 6 saw increased flavodoxin 

protein expression at the ~25m depth compared to the ~10m samples in prymnesiophytes. 
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Upon initial sampling of the Basin flavodoxin values were higher than was observed in 

the +4°C +Fe treatment of the experiment. At station 2 reoccupied flavodoxin was 

detected at only the 10m sampling depth and was also much lower than the initial 

observations at station 2. Plastocyanin was not detected in any of the field samples for 

prymnesiophytes (Figure 14).  

 

 

Figure 14. Flavodoxin and plastocyanin peptide expression normalized to total group 

peptide abundance in Bacillariophyta and Prymnesiophyceae at stations 2, 2 Reoccupied, 

4 and 6. A-Flavodoxin and Plastocyanin peptide expression in Bacillariophyta B-

Flavodoxin and Plastocyanin peptide expression in Prymnesiophyceae. 
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Chapter 4: Discussion  
 

4.1 Irminger Basin- Biogeochemical conditions  

The prevailing surface nutrient conditions we observed across stations in the 

Irminger Basin in 2021 were consistent with previous late-summer observations in this 

region. Past cruises have reported late-summer nitrate concentrations between 2-5µM 

NO3
- (Ryan-Keogh et al., 2013; Sanders et al., 2005). Our initial observations of 6-7µM 

NO3
- across stations in the Irminger Basin are slightly higher than these previous 

findings, however, subsequent re-sampling of station 2 roughly a month later found 4.3 

µM of surface nitrate, well in agreement with previous observations (Figure 2). Summer 

surface silicate concentrations have previously been reported between 1-2 µM , and 1-3 

µM (Ryan-Keogh et al., 2013) in the Basin, we encountered similar values of 1-2 µM 

surface silicate across Irminger Basin stations (Figure 4). We encountered extremely low 

concentrations of dFe 0.05-0.16 nM Fe, which are also consistent with previous 

observations for this general region (Measures et al., 2008; Nielsdóttir et al., 2009) 

4.2 Irminger Basin- Community composition 

 Community composition was also relatively similar across initial sampling of 

stations in the Irminger Basin as revealed through both CHEMTAX taxonomic 

assignment of pigments and metaproteomics. Pigments revealed the photosynthetic 

community composition to be dominated by C3 flagellates (a grouping of haptophytes 

and pelagophytes) across field stations and timepoints, with relatively small contributions 

of diatoms, cryptophytes, chlorophytes and Synechococcus to the photosynthetic 

community (Figure 2). The entire microbial community composition revealed through 

metaproteomics also showed a consistent makeup across stations, with the majority of 

protein contribution (50-78%) stemming from ambiguous eukaryotes or other eukaryotes 

(Figure 5). Bacillariophyta, prymnesiophytes, cryptophytes and dinophytes all 

respectively contributed less than 5% of protein on average across field samples (Figure 

5). Broad community composition remained similar when station 2 was revisited a month 

after initial sampling, as revealed through both metaproteomics and pigments. However, 

the composition of Bacillariophyta changed considerably, shifting from Pseudo-nitzchia 

to Thalassiosira dominated (Figure 6). The prymnesiophyte composition remained quite 
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consistent across all stations, with major contributions from Phaeocystis and 

Chrysochromulina, although station 6 saw increased relative abundance of Coccolithus 

(Figure 6). Recent 18S rRNA amplicon-based work has found the major eukaryotic 

phytoplankton groups in waters surrounding Iceland to be dominated by prymnesiophytes 

and Bacillariophyta in the summer months; these are congruent with our observations 

across both methodologies (Cerfonteyn et al., 2023).  

The spatial and temporal continuity of surface water nutrients conditions and 

community composition provides context for our iron-temperature bioassay experiment. 

Not only are the bioassay results likely to be broadly representative of the Irminger Basin 

spatially in late-summer of 2021, but to a degree also temporally as late-summer nutrient 

conditions and broad community composition remained similar a month after initial 

sampling. These results suggest that our bioassay was representative of the Irminger 

Basin in the late summer of 2021. 

4.3 Iron-limitation in the Irminger Basin  

The five-day bioassay experiment manipulating temperature and iron conducted 

at station 4 revealed clear evidence of iron limitation, and interactive effects of iron and 

temperature on phytoplankton nutrient drawdown and biomass increase. Iron additions 

spurred nearly complete drawdown of nitrate after five days in the +4°C +Fe treatment, 

while a large pool of nitrate (>5µM NO3
- ) remained in the controls (Figure 7). Although 

the in situ temperature +Fe treatment saw increased nitrate drawdown as compared to the 

controls, it was not the same magnitude as the +4°C +Fe treatment, with an average of ~3 

µM NO3
- remaining at Tf in the in situ temperature +Fe treatment. Photophysiology as 

examined through Fv/Fm values did not see any significant temperature effects but did see 

significant iron effects (p<0.001). Fv/Fm values were extremely similar in the respective 

Fe conditions, with Fv/Fm values of 0.47 in the in situ temperature +Fe and 0.46 in the 

+4°C +Fe treatment, compared to 0.3 and 0.29 in the controls (Figure 7). Although 

macronutrients and biomass metrics were not very responsive to iron additions within the 

first 48h, Fv/Fm values were (Figure 7). One prior iron addition experiment conducted in 

the Irminger Basin in summer of 2010 saw extremely similar Fv/Fm values in response to 

+2 nM Fe, and a similar 24-48h lag in biomass response (Ryan-Keough et al., 2013).  
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Previous work conducted in the Irminger Basin in 2010 found increased nutrient 

drawdown, increased biomass and increased Fv/Fm values in response to iron additions 

(Ryan-Keough et al., 2013). In this study, we found similar responses to iron additions, as 

well as interactive iron and temperature effects on phytoplankton nutrient drawdown and 

biomass increase. Synergistic iron and temperature effects have previously been found in 

the Southern Ocean (Rose et al., 2009; Jabre et al. 2021). Here, we show iron and 

temperature interactively affect phytoplankton in the seasonally-iron limited Irminger 

Basin.   

4.4 Bacillariophyta respond to iron additions in the Irminger Basin 

We saw a high degree of community restructuring in response to our bioassay 

experiment, across all methods used to examine community composition (16S rRNA 

gene amplicon, CHEMTAX pigment assignments, and metaproteomics). The 

predominant response to iron additions of community composition was an increase in 

diatoms (Figure 8). 16S rRNA and pigment data both focused exclusively on the 

photosynthetic community. The major photosynthetic groups identified across these two 

methods included diatoms and prymnesiophytes (or C3 flagellates as designated in the 

pigment grouping). One discrepancy in the observed community composition between 

these two methods was a high abundance of Cyanophyceae in the 16S rRNA data which 

was not observed via pigments. A larger filter pore size (0.7 µM) was used to filter 

samples for pigment collection, which could very plausibly have been too large to capture 

Synechococcus. Upon examining the whole microbial community using the 

metaproteome, Cyanophyceae did not exceed 2% of the relative protein contribution 

across experimental samples, compared to prymnesiophytes which ranged from 4-9% of 

the total microbial community. Across all methods, results showed Bacillariophyta and 

prymnesiophytes to be among the most abundant photosynthetic community members, 

with Bacillariophyta responding to iron additions. Temperature did not appear to exert 

much influence on community structure across methodologies. 

We found an extremely uniform composition of Bacillariophyta across the 

experiment (Figure 9). The dominant Bacillariophyta genus was Pseudo-nitzschia, with 

smaller contributions from Fragilariopsis, Chaetoceros and Nitzschia. The remaining 
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Bacillariophyta protein was either ambiguous at the class level or belonged to a large 

diversity of smaller contributors. Bacillariophyta grew from ~3% to 30% of the 

community composition (Figure 8), however the most abundant Bacillariophyta genera 

remained consistent across time points and all treatments (Figure 9). A recent paper 

examining eukaryotic phytoplankton distribution in water masses surrounding Iceland 

found increased relative abundance of Pseudo-nitzschia with higher concentrations of 

macronutrients, and increased temperatures (Cerfonteyn et al., 2023). Pseudo-nitzschia is 

known to be distinctly flexible in adapting to iron-limitation, and extremely responsive to 

iron additions. This has been attributed to a suite of molecular responses to iron additions 

involving both nutrient assimilation and energy acquisition (Cohen et al., 2018; Jabre et 

al., 2020). Prymnesiophyte composition generally showed more variation across samples, 

however the two dominant genera, Phaeocystis and Chrysocrhomulina, remained the 

same across treatments (Figure 9). Phaeocystis has been found to be one of the most 

abundant prymnesiophytes in surrounding Icelandic waters (Cerfonteyn et al., 2023). 

Chrysochromulina has also been detected in waters surrounding Iceland, although was 

generally reported to be less abundant than what we observed in the Basin (Cerfonteyn et 

al., 2023).  

4.5 Protein allocation strategies of Bacillariophyta and prymnesiophytes  

Diverging investment strategies between phytoplankton taxa in broad functional 

cellular pools can help explain phytoplankton responses to nutrient stress and impact 

downstream factors such as preformed nutrients and biogeochemistry (Finkel et al., 2016; 

Liefer et al., 2019). The ability for different phytoplankton to leverage adjustments in 

their protein composition in response to abiotic shifts has consequences for 

biogeochemistry in terms of variable metals requirements and shifts in C:N:P ratios, all of 

which have consequences for both local, and potentially wide-spread biogeochemistry 

(Toseland et al., 2013; Peers & Price, 2006; Liefer et al., 2019). In addition, investigating 

how different phytoplankton groups allocate protein to broad cellular functions can give 

us insight into the molecular underpinnings driving different growth responses among 

phytoplankton groups. Consequent changes of dominant community members are liable 

to impact biogeochemistry through variable nutrient requirements between taxa and 

differences in sinking rates which may ultimately affect the fate of biological carbon 



47 

 

(Liefer et al., 2019). Thus, understanding both intra and intergroup-specific proteomic 

responses to shifting abiotic conditions is essential information to track anticipated 

changes to global nutrient cycling and coarse-grained metaproteomics is one such avenue 

to interrogate these shifts (McCain et al., 2022). We found elevated protein allocation to 

ribosomes in Bacillariophyta in response to iron additions (p<0.001) (Figure 10). We also 

found temperature had a statistically significant effect on ribosomal allocation in 

Bacillariophyta (p<0.05), with lower temperatures having the highest ribosomal protein 

allocation. Although not statistically significant in prymnesiophytes, the highest 

ribosomal protein allocation values were also found in the in situ temperature +Fe 

treatment (Figure 10). We would expect increased ribosomal investment in fast-growing 

treatments, as growth requires increased protein synthesis, and therefore ribosomes (Scott 

et al., 2010). In this case we might expect to observe the highest ribosomal protein 

allocation in the +4°C +Fe treatment where we also observed the greatest increases in 

biomass, however, the greatest ribosomal investments were observed in the in situ 

temperature +Fe treatments. These findings may seem incongruous, however, 

temperature has been shown to modulate the amount of ribosomal protein in diatoms, 

where ribosomal protein is increased at lower temperatures to compensate for reduced 

efficiency of protein synthesis (Toseland et al., 2013). This trend has also been revealed 

through metaproteomics in temperature-iron experiments conducted in the Southern 

Ocean, where protein allocation to ribosomes was increased at lower temperatures (Jabre 

et al., in prep).  

Light-dependent photosynthetic protein allocation in bacillariophytes remained 

consistent throughout treatments and in the field (Figures 10, 11). Prymnesiophytes 

generally had a larger portion of protein allocated to photosynthesis as compared to 

Bacillariophyta (Figures 10, 11). A previous study examining biovolume of plastids found 

similar % cellular biovolume of plastids in a diatom and prymensiophyte, although this 

study did not examine the main genera found in our samples (Uwizeye et al., 2021). 

Although neither temperature or iron effects were statistically significant in 

prymnesiophyte photosynthetic protein allocation, both iron and temperature appeared to 

increase the photosynthetic protein allocation in prymnesiophytes (Figure 10). 

Bacillariophyta and prymnesiophytes had markedly different protein allocated to rubisco, 
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with prymnesiophytes having less (Figure 10, 11). We found prymnesiophyte % protein 

allocated to rubisco comparable to values previously reported in the South Pacific (Losh 

et al., 2013). Our values for Bacillariophyta % protein allocated to rubisco were higher 

than those reported in the South Pacific, but comparable to those reported in situ in the 

Southern Ocean during a diatom-dominated bloom, as well as in diatom cultures (Young 

et al., 2015).  

We are in early stages of investigating trends in bulk functional protein allocation, 

a novel approach to interrogating metaproteomes (McCain et al., 2022). This method has 

been deployed at various taxonomic grains for photosynthetic and ribosomal protein 

fractions, in both the Southern Ocean and now the High Latitude North Atlantic. 

Ribosomal protein fractions in diatoms in the ranged from ~3-20% of protein (Figure 15). 

The highest values here have been reported in bioassay experiments. Lower values of this 

range were generally reported at T0s and in controls of these experiments (Jabre et al., in 

prep), and in field samples (McCain et al., 2022). We generally saw a similar trend in our 

ribosomal protein fractions in diatoms, our field values ranged from 4-22%, but were 

often below 10%. Ribosomal fractions in the bioassay experiment ranged from ~5-15%, 

and the highest values were found in +Fe treatments. Comparing our experimental 

ribosomal protein fractions with Fe-temperature bioassay experiments conducted in the 

Southern Ocean, we found similar trends, but generally lower values (McCain et al., 

2022; Jabre et al., in prep). Taxonomic variation could contribute to these differences, or 

different temperature regimes may also contribute to these results. Although the 

temperature increases in our experiment were +4°C, while temperature was increased 

+2°C in the Southern Ocean bioassays, our starting temperatures were much higher 

(9°C), compared to Southern Ocean (~0°C). As previously mentioned, temperature has 

been shown to exert influence over ribosomal protein investment, this could contribute to 

the increased ribosomal protein fractions found in Southern Ocean bioassays (Toseland et 

al., 2013). Southern Ocean values of haptophyte ribosomal mass fraction have ranged 

from ~11-22%. Again, the highest values were reported in bioassay experiments. Our 

values in prymnesiophytes ranged from 5-15%. We observed similar patterns of in situ 

temperature +Fe treatments having the highest values, but these were not statistically 

significant.  Diatom photosynthetic mass fractions ranged from ~10-32% across Southern 
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Ocean observations. Both field and experimental samples showed a high degree of 

flexibility along this range. We found much less variation in diatom photosynthetic 

protein investment, spanning 7-14% in the field, and between 9-11% across all 

treatments. Haptophyte photosynthetic mass fractions have been found to be between 10-

30% in the Southern Ocean, with a large degree of spread across both field and 

experimental samples. We observed prymnesiophyte photosynthetic mass fractions to 

much more flexible compared to bacillariophytes, with a range of 4-16% in the field, and 

8-34% in our bioassay experiment (Figure 15).  

 

 

Figure 15. Ribosomal and photosynthetic protein fraction ranges found in diatoms and 

haptophytes across three studies. A-Diatom ribosomal and photosynthetic protein 

fractions B-Haptophyte ribosomal and photosynthetic protein fractions. McCain et al., 

2022 included environmental samples collected in the Southern Ocean, Jabre et al., in 

prep included Fe-temperature bioassays conducted in the Southern Ocean, this study 

included field and bioassay samples in the Irminger Basin. 
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Several components of light-dependent photosynthesis have Fe requirements, 

these include electron-carriers such as ferredoxin and cytochrome b6 as well as 

photosystems I and II (Raven et al., 1999). Through our bulk analysis of the 

photosynthetic protein pool, we saw little change in Bacillariophyta allocation to 

photosynthetic protein (Figure 10). However, upon examination of the relative 

composition of proteins within the light-dependent photosynthetic pool, such as 

photosystems I and II, flavodoxin, plastocyanin and chloroplast-associated ATPase we 

saw distinct restructuring of photosynthetic proteins in Bacillariophyta (Figure 12). 

Classic iron-stress proteins such as flavodoxin and plastocyanin contributed a much 

larger fraction of the photosynthetic pool at T0 and across controls, and both were 

substantially reduced in iron additions (Figure 12). Meanwhile, iron-containing proteins 

such as photosystems I and II both showed increased contributions to the photosynthetic 

pool in +Fe treatments. This same degree of restructuring of photosynthetic protein 

allocation was not observed in prymnesiophytes. Although not statistically significant, 

overall protein allocation to the photosynthetic protein pool in prymnesiophytes appeared 

somewhat responsive to both increased iron and temperatures (Figure 10), and the overall 

photosynthetic protein investment was higher in prymnesiophytes than Bacillariophyta. 

In prymnesiophytes, there were minimal changes to the composition of the 

photosynthetic pool. The vast majority of the photosynthetic protein pool observed in 

prymnesiophytes belonged to chloroplast-localized ATPase. Plastocyanin was often 

undetected, and flavodoxin was slightly reduced in +Fe treatments (Figure 12).  

4.6 Expression of photosynthetic iron-stress proteins in response to shifting iron and 

temperature conditions  

Flavodoxin and plastocyanin are both non-iron containing proteins that can 

functionally substitute for iron-containing counterparts. Flavodoxin substitutes for 

ferredoxin, and plastocyanin substitutes for cytochrome b6, both have essential roles in 

light-dependent photosynthetic reactions, and modulation of these proteins have long 

been linked to iron-stress. Although flavodoxin was identified as a potential iron-stress 

indicator in the 90s, see LaRoche et al. 1996, its relationship to iron-stress has revealed 

several nuances in the past 30 years (Karlusich et al., 2014; Wu et al., 2019). Several 

coastal species of phytoplankton appear to have lost flavodoxin, likely due to their 
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environment being iron-sufficient, while open-ocean species have generally retained 

flavodoxin (Karlusich et al., 2014). Some diatoms have been found to have two forms of 

flavodoxin, with only one form being iron-responsive (Graff Van Creveld et al., 2023; 

Whitney et al., 2011). Work in the Southern Ocean has found flavodoxin to be both 

responsive to iron and iron-manganese dynamics in Phaeocystis (Wu et al., 2019). A large 

body of culture experiments and field experiments have often found flavodoxin to be 

widely responsive to iron-limiting conditions for marine phytoplankton (Behnke et al., 

2023; Erdner et al., 1999; LaRoche et al., 1996). Recent transcriptomic analysis has 

revealed decreased transcription of flavodoxin with iron additions, and rapid increase in 

ferredoxin on the timescale of one hour in an open-ocean diatom (Behnke et al., 2023). 

Here, our results find flavodoxin protein expression to be largely regulated by iron 

availability in both Bacillariophyta and Prymnesiophyceae (Figure 13).  

Plastocyanin is a copper-containing electron carrier that can functionally 

substitute for cytochrome c6, thereby reducing photosynthetic cellular Fe-requirements 

(Peers & Price, 2006; Wu et al., 2019). Work in the Southern Ocean has found increased 

expression of plastocyanin in both haptophytes and diatoms across a temporal gradient of 

micronutrient stress (McCain et al., 2022). In the Northeastern Pacific, plastocyanin 

expression has generally been shown to be more highly expressed in iron-limiting 

conditions for two diatoms as revealed through metatranscriptomics, although this trend 

diverged at coastal sites (Cohen et al., 2017). Although plastocyanin has often been found 

to be iron-responsive, this is not always the case. Plastocyanin has been found to be 

unchanged in diatoms in response to Fe additions in the Southern Ocean, as revealed 

through metatranscriptomics (Jabre et al., 2021). Culture work examining plastocyanin 

expression via transcriptomics across iron stressed conditions found plastocyanin to be 

highly expressed under high iron conditions, and reduced under iron-limiting conditions, 

behaving similarly to other photosynthetic proteins, and suggesting constitutive 

expression of plastocyanin in T. oceanica (Lommer et al., 2012). Recent work 

interrogating transcriptional response to alleviation of Fe stress also found transcription 

of plastocyanin was not iron-responsive (Behnke et al., 2023). Lack of iron-response of 

plastocyanin expression does not necessarily suggest that it is not being utilized but may 

indicate that it is permanently substituted in this role, this has particularly been observed 
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in open-ocean diatoms (Marchetti et al., 2012; Peers & Price, 2006). Furthermore, 

plastocyanin has also been reported to be temperature-responsive in diatoms, with 

diverging temperature responses observed in two genera of diatoms (Jabre et al., 2021). 

Here, we found plastocyanin abundance to be modulated by Fe in Bacillariophyta but 

were often unable to detect plastocyanin in prymnesiophytes (Figure 13).  

Photosystems I and II are essential iron-containing components of photosynthesis. 

Due to their high iron costs several adaptive strategies have been found amongst 

phytoplankton to regulate photosystems under iron-limiting conditions. One such 

mechanisms is the ratio of PSI to PSII, in open vs coastal diatoms, whereby open-ocean 

diatoms increase their number of PSII which has a lower Fe requirement than PSI 

(Strzepek & Harrison, 2004). Another iron-conserving mechanism which has been 

observed in the S.O is increased light-harvesting cross sections of photosystems of S.O 

phytoplankton (Strzepek et al., 2019). Here, we found Bacillariophyta to dramatically 

restructure their investments in both PSI and PSII in response to iron conditions. 

Increases in the contribution of both photosystems to the light-dependent photosynthetic 

protein pool were observed in +Fe treatments in Bacillariophyta (Figure 12).  

4.7 Metaproteomics reveal iron-stress markers in the field  

 Given that flavodoxin and plastocyanin were responsive to iron conditions in the 

bioassay we examined their expression across field samples, as potential markers of iron-

stress. In Bacillariophyta we saw that initial sampling of the Basin revealed generally 

higher values of both plastocyanin and flavodoxin as compared to the +Fe treatments in 

the bioassay, consistent with Fe stress in these field samples (Figure 14). In 

prymnesiophytes, flavodoxin field values were generally higher than the +Fe treatments, 

and plastocyanin remained undetected. Station 2 reoccupied represents a deviation from 

this trend, as flavodoxin values were much reduced in both Bacillariophyta and 

prymnesiophytes. In Bacillariophyta plastocyanin values were also reduced (Figure 14). 

Although nitrate was somewhat drawn down at station 2 reoccupied, dFe concentrations 

remained low (<0.05 nM Fe) at 25m (Figure 2), suggesting that it would be surprising if 

the plankton were no longer facing iron stress.  



53 

 

We present three possible explanations for this shift in Fe-stress indicator protein 

expression despite the continued low Fe and high leftover nitrate conditions. First, a pulse 

of iron could have been delivered to the surface but scavenged by the community before 

we sampled, satisfying iron demand but being undetectable as a signal in dissolved Fe. 

This scenario is unlikely for two reasons. Firstly, neither additional aeolian or deep-water 

fluxes of Fe to the surface would be very likely: resupply of Fe-rich water would not be 

likely at such strongly stratified time of year, and aeolian flux is limited in this region of 

the open ocean (Achterberg et al., 2018). Secondly, even if there was an additional Fe 

source, we know Fe concentrations returned to iron-limiting values, and molecular-

responses to iron-limitation are rapid (Behnke et al., 2023). The second scenario could be 

that the community continued with recycled production, perhaps leveraging both recycled 

iron and reduced nitrogen sources (Dougdale & Goering, 1967; Zehr et al., 2002). The 

third scenario is that there were changes in the community composition, with the 

community transitioning to include species who’s flavodoxin and plastocyanin expression 

are not as tightly regulated by Fe stress status, or who required less flavodoxin and 

plastocyanin to respond to Fe stress. Although the community composition identified 

through metaproteomics was consistent at the class level (Figure 5), at the genus level 

there was a shift in Bacillariophyta, with much less of the community belonging to 

Pseudo-nitzschia, and a larger contribution from Thalassiosira (Figure 6). However, we 

did not see any large changes in prymnesiophyte community composition at the genus 

level, though a shift at the strain-levels is possible: we would not have resolved it with 

our approach. We hypothesize that a combination of scenario II and III transpired, where 

shifting taxonomy may have impacted the expression of iron-stress proteins in 

Bacillariophyta independent of a change in Fe nutritional status, and the community may 

also have been able to leverage reduced sources of nitrogen and recycled iron sources to 

continue production.  
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Chapter 5: Conclusions  
 

5.1 Overview 

Through our bioassay experiment we found clear signs of iron limitation, and 

interactive iron-temperature effects on phytoplankton growth. Across a suite of methods, 

we found Bacillariophyta to be responsive to iron additions. Through our metaproteomic 

analysis we were able to distinguish distinct molecular responses to shifting iron and 

temperature conditions in situ, in our two most abundant phytoplankton groups. We 

found protein investment to ribosomes to be responsive to Fe and temperatures, however 

the greatest ribosomal protein investment was observed at lower temperatures, likely to 

overcome decreased ribosomal efficiency at lower temperatures. Diverging strategies 

arose between Bacillariophyta and prymensiophyte allocations to photosynthetic protein. 

Bacillariophytes did not change the proportion of protein allocated to photosynthesis in 

response to iron or temperature, however there was substantial restructuring of 

photosynthetic iron-containing proteins and non-iron containing substitutes in response to 

iron conditions. Prymnesiophytes had an overall greater proportion of photosynthetic 

protein, but their composition remained more consistent across iron conditions. 

Leveraging flavodoxin and plastocyanin expression levels in our bioassay allowed us to 

detect signs of iron-stress in Bacillariophyta and prymnesiophytes across much of the 

Irminger Basin.  

These findings emphasize that taxon-specific molecular strategies are deployed to 

cope with iron stress. While iron and temperature interactively affect growth, molecular 

functions are differently impacted by each. Leveraging metaproteomics allowed us to 

elucidate these nuanced cellular allocation-strategies in response to multiple stressors in 

situ. Interactive Fe-temperature effects on phytoplankton could have a variety of 

implications for the Basin. Assuming Fe-delivery to the Basin is unchanged, warming 

waters alone could influence the dynamics of blooms, whereby community biomass and 

Fe-use efficiency are increased under warmer temperatures. Warming temperatures may 

also mean shallower winter mixing, and thus decreased Fe delivery to surface waters, this 

could shorten the new production phase of the bloom cycle and restrict primary 

production. If Fe availability were to increase in the basin, downstream consequences 
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could be far-reaching as increased production would likely cause alterations to the 

amount of preformed nutrients present upon deep-water formation.  

5.2 Future Work  

 Although we were pleased with the performance of the unpaired 

metatranscriptome database for database searching peptide IDs for these samples, 

performing this work with a paired database would likely yield increased peptide IDs and 

thus increase the robustness of this analysis. The high proportion of chloroplast 

associated ATPase protein particularly in the prymensiophyte photosynthetic pool as 

compared to Bacillariophyta was a surprising result. However, we did individually 

BLAST search the most abundant chloroplast associated ATPase peptides and confirmed 

their annotation was chloroplast-associated through the NCBI database. A future avenue 

to investigate potential bias for chloroplast associated ATPase protein IDs between 

Bacillariophyta and Prymnesiophyceae, would be to examine if chloroplast ATPases are 

more abundant in the metatranscriptome for either group. In addition, while we found 

further evidence of temperature compensation of ribosomal protein fractions in 

Bacillariophyta (Toseland et al., 2013, Jabre et al., in prep). To date, our work with 

protein fractions has been constrained to relatively high latitudes and low temperatures. 

Expanding the temperature range of our protein fraction work may increase our 

understanding of how ribosomal protein investment varies with temperatures in situ. 

Culture work conducted across temperature gradients may also improve our 

understanding here.  

Although not included in this thesis, we encountered a range of surface nitrate 

conditions across the HLNA in the late-summer 2021, with very little surface nitrate 

observed north of Iceland. Leveraging metaproteomics to track expression of iron-stress 

proteins along gradients such as these could improve our understanding of the spatial 

extent of iron stress in the HLNA. This approach, coupled with repeat bioassays, could 

also serve as a method of tracking the temporal dynamics of iron stress in the Basin.  
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Appendix A: Supplemental Information 

 

S1. MetalGate Station coordinates.  

Station           Latitude Longitude 

2 N 62° 10' 12.22'' W 29° 49' 46.524'' 

4 N 60° 18' 38.185'' W 36° 3' 12.672'' 

6 N 60° 0' 0.14'' W 40° 10' 12.479'' 

7 N 61° 36' 0.295'' W 38° 59' 58.351'' 

2 Reoccupied N 62° 10' 15.719'' W 29° 49' 45.03'' 
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S2. Two-way ANOVA results for biogeochemical response to an Fe-temperature bioassay 

experiment.  
 

in situ +4°C in situ +Fe +4°C +Fe Main effect 

temperature 

Main 

effect 

iron 

Iron-

temperature 

interactive 

effect 

Fv/Fm 0.30(0.05) 0.29(0.01) 0.47(0.04) 0.46(0.00) ns *** ns 

NO3
- 6.43(0.46) 5.50(0.23) 2.73(0.96) 0.06(0.01) *** *** * 

PO4
3` 0.47(0.03) 0.42(0.01) 0.25(0.07) 0.08(0.01) ** *** * 

Si 1.56(0.08) 1.28(0.03) 0.69(0.23) 0.10(0.06) *** *** ns 

Chl-a 0.46(0.2) 0.7(0.02) 2.6(0.4) 4.7(0.8) ** *** ** 

Values are means and SD are shown in brackets (n=3) 

(*p<0.05, **p<0.01, ***p<0.001) 
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S3. The total number of group-specific peptides identified for Bacillariophyta and 

Prymnesiophyceae, and the number of group-specific peptides identified for specific 

proteins and protein pools across the dataset.  
 

All Ribosomal  Photosynthetic Rubisco Flavodoxin Plastocyanin 

Bacillariophyta 4954 588 270 46 33 14 

Prymnesiophyceae 4119 468 397 67 23 9 
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S4. Two-way ANOVA results for protein fraction response to an Fe-temperature bioassay 

experiment in Bacillariophyta. 

Bacillariophyta in situ +4°C in situ 

+Fe 

+4°C +Fe Temperature 

main effect 

Iron 

main 

effect 

Iron-

temperature 

interactive 

effect  

Ribosomal 

Mass Fraction  

0.09(0.01) 0.07(0.01) 0.13(0.02) 0.09(0.01) * ** ns 

Photosynthetic 

Mass Fraction  

0.11(0.02) 0.10(0.02) 0.10(0.01) 0.09(0.02) ns ns ns 

Rubisco Mass 

Fraction  

0.08(0.03) 0.10(0.04) 0.16(0.09) 0.19I(0.09) ns ns ns 

Values are means and SD are shown in brackets (n=3) 

(*p<0.05, **p<0.01, ***p<0.001) 
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S5. Two-way ANOVA results for protein fraction response to an Fe-temperature bioassay 

experiment in Prymnesiophyceae. 

Prymnesiophyte in situ +4°C in situ 

+Fe 

+4°C +Fe Temperature 

main effect 

Main 

effect 

iron 

Iron-

temperature 

interactive 

effect 

Ribosomal 

Mass Fraction  

0.06(0.03) 0.10(0.04) 0.12(0.04) 0.10(0.02) ns ns ns 

Photosynthetic 

Mass Fraction  

0.12(0.05) 0.19(0.03) 0.19(0.09) 0.27(0.07) ns ns ns 

Rubisco Mass 

Fraction  

0.02(0.01) 0.05(0.03) 0.03(0.02) 0.06(0.02) * ns ns 

Values are means and SD are shown in brackets (n=3) 

(*p<0.05, **p<0.01, ***p<0.001) 
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S6. The number of peptides identified for Bacillariophyta per sample, and the number of 

bacillariophyte peptides identified for ribosomal, photosynthetic, rubisco, flavodoxin and 

plastocyanin proteins in each sample.  

Sample All 

Bacillariophyta 

peptides (n) 

Ribosomal 

peptides 

(n) 

Photosynthetic 

peptides (n)  

Rubisco 

peptides(n) 

Flavodoxin 

peptides(n) 

Plastocyanin 

peptides(n) 

T0_A 341 37 26 8 4 4 

T0_B 348 37 29 9 6 3 

T0_C 421 55 37 9 7 2 

in situ +Fe _A 1227 163 83 17 7 3 

in situ +Fe _B 1351 179 93 19 11 3 

in situ +Fe _C 1611 211 98 26 9 3 

in situ _A 573 67 45 5 14 6 

in situ _B 580 69 44 10 11 5 

in situ _C 889 101 61 13 12 9 

+4°C +Fe_A 1213 121 86 16 9 2 

+4°C +Fe_B 1397 148 93 17 9 3 

+4°C +Fe_C 1595 181 94 20 10 2 

+4°C _A 552 60 35 10 11 4 

+4°C _B 498 51 33 7 9 6 

+4°C _C 764 67 47 9 13 7 

Station 2_10m 105 18 7 1 2 1 

Station2_25m 209 24 14 3 4 4 

Station6_10m 693 108 44 10 10 5 

Station6_30m 221 40 13 8 2 3 

Station2_R_12m 318 41 27 10 5 2 

Station2_R_25m 424 55 27 9 4 2 
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S7. The number of peptides identified for prymnesiophyceae per sample, and the number 

of prymnesiophyte peptides identified for ribosomal, photosynthetic, rubisco, flavodoxin 

and plastocyanin proteins in each sample.  

Sample All 

Prymnesi

ophyte 

Peptides 

(n) 

Ribosomal 

Peptides 

(n) 

Photosynthetic 

Peptides (n) 

Rubisco 

Peptides 

(n) 

Flavodoxin 

Peptides (n) 

Plastocyanin 

Peptides (n) 

T0_A 562 39 59 15 8 1 

T0_B 601 52 78 20 8 1 

T0_C 763 65 91 10 2 0 

in situ +Fe _A 410 67 63 5 0 0 

in situ +Fe _B 651 87 94 9 0 0 

in situ +Fe _C 783 87 101 24 0 1 

in situ _A 533 45 55 25 9 1 

in situ _B 405 54 41 13 2 0 

in situ _C 642 83 75 14 3 0 

+4°C +Fe_A 298 34 61 5 2 0 

+4°C +Fe_B 391 38 62 11 2 0 

+4°C +Fe_C 643 85 96 9 2 0 

+4°C _A 511 59 53 18 2 0 

+4°C _B 489 42 51 19 2 0 

+4°C _C 555 65 69 25 3 0 

Station2_10m 397 51 33 6 2 0 

Station2_25m 420 33 52 9 2 0 

Station6_10m 266 52 18 4 1 0 

Station6_30m 134 19 20 2 1 0 

Station2_R_12m 321 39 43 7 2 0 

Station2_R_25m 324 40 38 8 0 0 

 

 

 

 

 

 

 

 

 

 


