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ABSTRACT

Proteorhodopsin (PR) is a proton-pumping protein powered by light that can be used to
generate energy, potentially powering ATP synthase. Transcripts for a PR-like gene have been
isolated in some species of temperate and polar diatoms. A study investigating the distribution of
the PR-like genes showed that they are mostly found in regions of the ocean that experience iron
limitation. This suggests that the diatoms may use PR as a supplement to conventional
photosynthesis during iron limitation. The following project uses physiological measurements
and mass spectrometry-based quantitative proteomics to examine energy flow through the
conventional photosynthetic system and compare it to energy flow through PR under varying
levels of iron limitation. One PR containing diatom was studied alongside two non-PR
containing diatoms for comparison. There was insufficient evidence to conclude that PR
provided enough supplemental energy to increase the cellular energy budget of the PR

containing diatom under iron limitation.
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INTRODUCTION

Phytoplankton, unicellular autotrophs found throughout the world’s oceans, have a
powerful impact on the biogeochemistry of the both the atmosphere and oceans (Sarmiento &
Bender, 1994). It is well established that phytoplankton are important in sequestering CO2 from
the atmosphere and are a substantial source of Oz (Falkowski, 1994). Due to our changing
climate, it is becoming more important to understand how environmental conditions may limit or
change the growth and metabolism of phytoplankton and, by extension, further impact the global
climate (Moore et al., 2000; Watson et al., 2000).

Phytoplankton in the Southern Ocean are thought to play a disproportionate role in
influencing global climate patterns in comparison to other, larger water masses (Sarmiento et al.,
1998). The Southern Ocean has some of the highest stocks of macronutrients in the world yet
contains an unexpectedly low phytoplankton biomass considering the availability of nutrients
(Levitus et al., 1993). This discrepancy between macronutrient and chlorophyll concentrations
classify the Southern Ocean as a high nutrient, low chlorophyll zone (HNLC) (Boyd et al.,
2007). Lack of iron supply to the surface waters of the Southern Ocean is the main limiting
factor causing low phytoplankton biomass, as has been illustrated by the rapid growth of
phytoplankton after addition of iron to patches of Southern Ocean waters (Martin, 1990;
Edwards & Sedwick, 2001; Boyd et al., 2007; Strzepek et al., 2011). However, in addition to low
iron availability, the Southern Ocean undergoes strong changes in light availability due to
seasonal forcing as well as sea-ice cover (Kennedy et al., 2019). Light can be a more important

limiting factor than iron for communities associated with sea-ice in the Southern Ocean (Peters



& Thomas, 1996; Arrigo, 2014). Phytoplankton indigenous to the Southern Ocean must therefore
overcome both iron and light limitation in order to persist (W. G. Sunda & Huntsman, 1997,
Boyd et al., 1999; Boyd, 2002; Strzepek et al., 2011).

Diatoms, a group of eukaryotic phytoplankton, are one of the most important taxa of
phytoplankton, accounting for ~40% of global oceanic primary production (Luo et al., 2014).
They have been the subject of many studies focused on elucidating the numerous adaptations
contained in their genome, transcriptome, and proteome that may explain their worldwide
dominance in many phytoplankton communities, especially in highly productive regions
(Lommer et al., 2012; Nunn et al., 2013; Muhseen et al., 2015; Cohen et al., 2018; Kennedy et
al., 2019). Though diatoms are typically confined to more productive regions in tropical and
temperate waters, the lack of cyanobacterial competitors in polar regions expands their niche,
making diatoms extremely successful in harsh polar environments such as the Southern Ocean
(Arrigo et al., 1999; Boyd et al., 2007).

Part of diatoms’ success in highly productive waters is their ability to rapidly respond to
transient nutrient input events. For example, diatoms have often responded more rapidly and
efficiently to iron fertilization experiments when compared to other components of the local
community, with the end result being a community dominated by diatoms (de Baar et al., 2005;
Boyd et al., 2007; Marchetti et al., 2012; Smetacek et al., 2012; Cohen et al., 2018; Moreno et
al., 2018). In iron-limited ecosystems, where the competitive ability of diatoms has been
extensively investigated, they succeed through a combination of rapid iron uptake (Shaked et al.,
2005; McQuiaid et al., 2018), storage of excess iron (Lampe et al., 2018), and economizing on

iron usage. Iron plays essential roles in cellular growth and metabolism due to its use in both the



photosynthetic electron transport chain and construction of photosystems (Behrenfeld & Kolber,
1999; Blankenship, 2002; Lommer et al., 2012; Muhseen et al., 2015; Strzepek et al., 2011).

Diatoms have multiple strategies to reduce iron demand, many focused around the
photosynthetic systems since the bulk of cellular iron in diatoms is used in iron-rich protein
complexes including Photosystem I and Il and the cytochrome bsf complex. (Timmermans &
Wagt, 2010; Strzepek et al., 2011; Lommer et al., 2012; Muhseen et al., 2015; Moreno et al.,
2018). Thalassiosira pseudonana, a model coastal diatom, downregulates genes involved in the
production of photosynthetic proteins, cytochrome bef, and ATP synthase under iron limitation
(Nunn et al., 2013). Similar responses were found in a transcriptomic study on Thalassiosira
oceanica, a diatom that lives in oligotrophic waters (Lommer et al., 2012). Some iron stressed
diatoms substitute iron-free flavodoxin for ferritin or use copper-containing plastocyanin instead
of cytochrome bsf (La Roche et al., 1996; Boyd et al., 1999; Erdner et al., 1999; Peers & Price,
2006; Raven, 2013; Moreno et al., 2018).

While these aforementioned acclimations to low iron involve modifications to
conventional photosynthetic pathways, it has also been suggested that iron-stressed diatoms may
instead generate energy via proteorhodopsin (PR), a light driven proton pump that lacks iron
(Marchetti et al., 2015). PR is a member of the rhodopsin family, a group of proteins with either
light-driven ion pumping or visual sensory functions (Spudich et al., 2000; Fuhrman et al.,
2008). All rhodopsin proteins, regardless of function, contain a retinal chromophore bound to 7
transmembrane helices (Béja et al., 2000; Marchetti et al., 2015). When the chromophore absorbs
light, the protein experiences structural shifts that result in either signal transduction or transport
of ions through the membrane (Spudich, 2006; Vader et al., 2018). Bacteriorhodopsin, a proton

pumping variant of rhodopsin, was discovered in 1971 in the halophilic archaea Halobacterium



salinarum (Oesterhelt & Stoeckenius, 1971; Béja et al., 2001). Further study of the protein
revealed that archaea may use the proton-pumping ability of bacteriorhodopsin to build a
membrane potential used to power ATP synthase (Danon & Stoeckenius, 1974; Béja et al.,
2001).

A second proton pumping variant of rhodopsin was subsequently discovered in the
bacterial clades SAR86 and SAR11 (Mullins et al., 1995; Béja et al., 2001; Giovannoni et al.,
2005). This form of rhodopsin was called proteorhodopsin due to its discovery in y-
Proteobacteria (Béja et al., 2000). The presence of PR in these abundant and widely distributed
clades suggested that PR plays a much more influential role in the microbial processing of
energy and carbon than previously thought (Béja et al., 2000, 2001). It was initially believed to
be used only by heterotrophic organisms, considering that photo-autotrophs already have a
mechanism to harvest energy from light (Giovannoni et al., 2005). As research on PR continued,
it was discovered in nearly every taxon, including autotrophic eukaryotes, and environment in
the world, solidifying its position as a severely understudied energy pathway relative to its
prevalence in the marine environment (Torre et al., 2003; Giovannoni et al., 2005; McCarren &
DeLong, 2007; Frias-Lopez et al., 2008; Bamann et al., 2014; Vader et al., 2018).

A metatranscriptomic study in the northeastern Pacific Ocean found a rhodopsin-like
gene was upregulated during iron limitation in diatoms while photosynthetic proteins were
downregulated (Marchetti et al., 2012). Further study into the rhodopsin-like gene revealed that it
coded for PR and was typically found in species of diatoms that grow in cold, HNLC regions of
the ocean (Marchetti et al., 2015). Together these findings suggest that chronically iron stressed
diatoms in cold climates may use PR to generate energy when photosynthetic processes have

been downregulated. Considering that the molecular makeup of PR contains no iron and its



reaction rate is not slowed by low temperatures, it seems to be an excellent technique of coping
with decreased energy generation due to iron limitation (Marchetti et al., 2015; Pinhassi et al.,
2016).

Although several lines of evidence support the claim that PR is involved in the iron
limitation response in certain diatoms, the quantitative significance of energy generation via PR
compared to the conventional photosynthetic pathway is not known. In an effort to illuminate
what portion of a diatom’s energy may be generated through PR rather than photosynthesis and
how that ratio may change with iron stress, an energy budget has been constructed for the PR-
containing diatom Pseudo-nitzschia subcurvata under both iron replete and iron limited
conditions. The P. subcurvata strain investigated here was isolated from the Southern Ocean and
is representative of the pennate diatoms that respond to transient iron addition in the Southern
Ocean and other HNLC regions (Boyd et al., 2007). Changes in photosynthetic energy fluxes
under increasing iron stress were also investigated in P. subcurvata and compared with responses
of two Southern Ocean diatoms that lack PR to identify potential signatures of PR-supported

energy generation.



METHODS
Diatom Culturing

Three Antarctic diatoms were used in the following experiments: one PR containing
diatom and two non-PR containing diatoms for comparison. The PR containing diatom, Pseudo-
nitzschia subcurvata (UNC1901), is a pennate diatom collected from Palmer LTER station
200.040. The two non-PR containing diatoms, Synedra spp. (UNC 1904) and Chaetoceros
socialis (UNC1905), a pennate and a centric diatom respectively, were also isolated from Palmer
LTER 200.040.

Culturing techniques closely followed those of Cohen et al., (2018). Media preparation
and maintenance of Antarctic diatoms employed trace metal clean techniques following the
description in Marchetti et al., (2006). Cultures were grown in Aquil media (Price et al., 1989).
Synthetic ocean water (SOW) was prepared with additions of 300 umol L nitrate, 100 pmol L
silicate, and 10 umol L phosphate. The SOW was filtered through a Chelex 100 resin aiding in
removal of transition ions from the seawater to ensure no iron contamination was present. One
hundred pmol L of 0.2-um filtered ethylenediaminetetraacetic acid (EDTA) and trace metal
mix were then added to the media along with cobalamin, thiamine, and biotin at Aquil
concentrations. Samples for proteomics were grown under 4 iron concentrations.

The iron replete (pFe 19.0) samples were grown in Aquil media with an addition of 1370
nmol L total iron (Fet), one level of iron limitation (pFe 21.65) contained 3.1 nmol L Fer and
the other (pFe 21.95) 1.5 nmol L* Fer. pFe values are defined as -log[Fe3*] (W. Sunda et al.,
2005). The final and most iron limiting treatment utilized 3.5 nmol L Fer with 400 nM

desferroxiamine B (DFB), a strong iron chelator. Samples for oxygen production, carbon



fixation, and photosynthesis vs irradiance measurements were grown under the same conditions
however, due to time constraints, the pFe 21.65 treatment was excluded.

The cultures were maintained at 4°C under a light intensity of 100 pmol photons m2s? in
30 mL tubes at exponential phase. For the experiments, cultures were grown in acid-washed 1 L
polycarbonate bottles to achieve greater biomass. Growth phase was tracked using a Turner 10-
AU fluorometer. The cells for proteomics were collected in mid-exponential phase on a 3.0-um
polycarbonate filter and kept at -20°C until extraction.

The extent of iron limitation was measured using a Satlantic Fluorescence Induction and
Relaxation (FIRe) fluorometer. Fv/Fm values approximate the ability of photosystem 11 (PSII) to
direct light energy into the photosynthetic system. Decreased Fv/Fm values suggested lowered
functioning of photosynthetic structures, and therefore, higher iron limitation (Greene et al.,
1991; Behrenfeld & Milligan, 2013). Sigma values approximate the size of the PSII antennae.
Antennae size tends to increase under iron limitation as it increases the chances of the cells
absorbing photons used to power the photosynthetic system. Subsamples were exposed to blue
light (450 nm) for 100 ps providing estimates of Fo and Fm values. The equation (Fm-Fo)Fm™ was

used to calculate Fv:Fm.

Photosynthetic Rates

Energy flow through the photosynthetic pathway was constrained at three different
points: oxygen production by photosystem II, electron transport between the photosystems, and
carbon fixation in the dark reactions. By measuring activity at three separate points, a more

holistic picture of photosynthetic efficiency was generated.



Oxygen Production Measurements

Rates of gross oxygen production and respiration in the light were measured using an
180, assay and a membrane inlet mass spectrometer (MIMS) as outlined in Kana (1992). The
method relies on the fact that Oz production from water-splitting at PSII generates effectively
only 102 whereas respiration consumes 602 and 80z in direct proportion to their concentrations
in solution.

To estimate oxygen production, 400 mL of culture were concentrated via gentle filtration
(< 5in. Hg) and resuspended in 1.3 mL of medium before being added to the MIMS chamber.
The MIMS chamber rested above a membrane covered inlet that allows for passage of dissolved
gases into the mass spectrometer. The samples were stirred at 300 rpm using a magnetic stir bar
and maintained at 4°C by water bath. Any O2 gas initially present in the culture was removed by
gently bubbling N2 gas into the sample. Once a majority of the Oz gas had been removed, a cover
was placed over the chamber to prevent gas exchange between the sample and the atmosphere.
After depletion of natural O2 present in the sample, a 0.5 mL bubble of 202 was added by syringe
and allowed to exchange with the solution. The gas exchange was stopped by removing the 1802
bubble when the 02 concentration reached a value similar to the oxygen concentration
originally present in the culture.

Photosynthesis was induced by shining a light into the sample of the same intensity at
which they were grown under (100 umol photons m2s). Respiration in the light was
determined from the rate of 02 consumption and the ratio of 802 to 602 in the MIMS
chamber. Gross oxygen production was estimated by the rate of change of 102, which is the only
isotope of oxygen produced by photosynthesis (Radmer & Ollinger, 1980), and correcting for the

respiration rate in the light. The light was then turned off so the rate of respiration in the dark



could also be measured as the total O2 (*¥02 + 1°0>) loss rate. All rates were normalized to cell
number. These productivity estimates were then converted to energy fluxes by using the Gibbs
free energy of the water splitting reaction, estimated as 237 kJ mol* in standard state conditions

(Greenbaum, 1988; Renger, 2011).

Carbon Fixation Measurements

Gross carbon fixation rates were measured using a *C-DIC tracer approach following
protocols described in Shen & Hopkinson (2015). Fifty mL of culture was mixed with 4 uCi of
14C-HCOs3and incubated for 2 hours at 4°C at growth irradiance. To measure total 4C activity,
200 uL of the assay was placed into a scintillation vial with 400 pL of betaphenethylamine and
10 mL of scintillation fluid. To measure C fixed by the algae, the remainder of the sample was
filtered onto a 1.2 um polycarbonate filter and placed into a scintillation vial with 1 mL of 1%
HCI to remove any residual **C-DIC. The solution was allowed to degas overnight before 10 mL
of scintillation fluid was added. Twenty-four hours later both samples were counted on a liquid
scintillation counter. Rates of C-fixation were calculated from the “C incorporated and the
specific activity determined from the total 1*C activity and the total DIC in solution which was
assumed to be 2.0 mM. The carbon fixation rates were converted to energy fluxes using the

Gibbs free energy of carbon fixation, 479 kJ mol* (Johnson, 2016).

Electron Transport Measurements

Photosynthetic electron transport rates were measured as a function of incident irradiance
using a FIRe fluorometer. The photosynthesis versus irradiance (PVE) curves so obtained provide
additional constraints on the integrated response of photosynthetic physiology to iron stress and

serve as an additional proxy for photosynthetic efficiency. PVE curves show the changing rate of
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photosynthesis as light irradiances increase. The initial slope of the curve, a, represents the cells’
ability to utilize low light levels. As light irradiance increases, the curve flattens out and reaches
a stable, maximal value. The highest point of the curve, Pmax, shows the highest rate of
photosynthesis achieved under the varying light levels.

The PVE curves were generated using the FIRe fluorometer equipped with a calibrated,
actinic light source that allowed irradiance to be controlled during measurements of chlorophyll
fluorescence. Photosynthetic electron transport (ETR) rates were calculated from fluorescence
measurements using a modified version of the relationship proposed in equation 1 (Kolber &
Falkowski, 1993):

ETR = 6pgs; * qp(E) * npgy * f+ E (1)

Where cps2 is the PS2 antenna size, qp is the fraction of open reaction centers at a given
irradiance, nesz is the number of chlorophyll a molecules per PS2, f is the fraction of functional
PS2 reaction centers (calculated as the dark-adapted Fv/Fm divided by 0.65), and E is the
irradiance. All the parameters can be determined from FIRe data except nesz, which is assumed
to be 500, following Kolber & Falkowski, (1993). Table 1.1 contains descriptions of FIRe

parameters used to the create PVE curves found in this experiment.

Table 1.1: Fluorescence Induction and Relaxation System parameters for building
photosynthesis vs irradiance curves.

Parameter Setting
Single-Turnover Flash (STF) | 200 s
Multiple-Turnover Flash 200 ms
(MTF)

Photosynthetically Available | 200 umol m?2 s
Radiation (PAR)
PAR Off Interval 0s
PAR On Interval 253
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Estimating Energy Flux through Proteorhodopsin

Energy flow through proteorhodopsin was estimated by quantifying the abundance of PR
per cell with quantitative, targeted mass spectrometry-based proteomics. The parallel reaction
monitoring (PRM) method was used to target PR associated peptides allowing for absolute

quantification (Peterson et al., 2012).

Protein Extraction and Purification

Protein (membrane and cytosolic fractions) was extracted and purified following a
procedure adapted from Gallagher & Waldbauer (2020). Diatom cells were lysed via probe
sonication in 333 L of wash solution (50 mM Tris-HCI, pH 7.5) and cell debris was removed by
centrifugation at 2500x g for 8 minutes. The supernatant, containing proteins, was removed and
mixed with 830 uL of carbonate extraction solution (100 mM sodium carbonate). The samples
were shaken at 4°C for 1 hr. In order to increase the likelihood of isolating PR, a membrane-
bound protein, the samples were spun in an ultracentrifuge at 115,000x g for 1 hr resulting in a
cytosolic fraction and a pelleted membrane fraction. The membrane fraction was resuspended by
probe sonication in 150 uL of LDS buffer (0.333 g Tris HCI, 0.341 g Tris Base, 0.400 g LDS,
0.006 g EDTA, 4 g glycerol in 10 mL MilliQ-grade water). The samples were then incubated for
20 min at 95° C and 30 mins at 37° C. The total protein was then quantified using a Pierce BCA
Assay (ThermoFisher). After quantification, the samples were reduced with 10 mM DTT for 1 hr
at RT and then alkylated in 60 nM iodoacetamide for 1 hr at RT in the dark.

The extracted proteins were then purified and digested with eFASP (enhanced filter aided
sample preparation; (Erde et al., 2014)). In order to separate the leftover chemicals and unwanted

biomolecules from the proteins, 50 pL of lysate and 400 uL of exchange buffer (8M urea, 0.2%
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(w/v) deoxycholate, 1M ammonium bicarbonate) were added onto a 10,0000 MWCO HY
concentrator and spun down at 14,000x g for 30 mins into a passivated collection tube (Erde et
al., 2017). This step was repeated until all of the lysate had been added to the filter. The filter
was washed 3 times with 200 pL of exchange buffer and then washed 2 times in 200 pL of
digestion buffer (50 mM ammonium bicarbonate with 0.2% (w/v) deoxycholate). The proteins
were digested overnight at RT on the filter in 100 pL of digestion buffer and 2 pg of trypsin.
After overnight digestion, the mixture was spun down eluting digested peptides into the
collection tube. The filter was rinsed twice with 50 pL of peptide recovery buffer (50 mM
ammonium bicarbonate) to ensure no peptides were left on the filter. The filtrate was added to
200 pL of ethyl acetate and 2.5 pL of TFA before being gently vortexed. The tubes were filled
with ethyl acetate and sonicated for 10 s in a water bath. The mixture was spun down at 14,000x
g for 10 minutes and the resultant organic layer removed. This was done 3 times. The sample
was then heated to 60° C for 5 minutes uncovered to remove residual ethyl acetate before being
dried down in a vacuum centrifuge and frozen at -20°C until MS analysis. Once ready to be

analyzed, the samples were resuspended in 5% acetonitrile and spiked with 5 nM of heavy

labelled synthetic peptide.

Predicted Proteome

A predicted proteome for P. subcurvata was previously generated by collaborators from
an assembled transcriptome. The transcriptome was sequenced and assembled using the Trinity
assembler following procedures described in Moreno et al. 2018. The corresponding proteome
was predicted from the transcriptome using GeneMarkS-T (Tang et al., 2015) and its quality and

completeness were assessed with BUSCO v3 using the Eukaryotic protein set (Seppey et al.,
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2019). The BUSCO analysis showed the proteome was reasonably complete with 83.2% of the
expected core proteins being completely (54.5%) or partially (28.7%) identified. A single
proteorhodopsin candidate protein was identified by blastp homology with PR sequences from

other diatoms (Marchetti et al., 2015).

Mass Spectrometric Analysis — Targeted Method

The mass spectrometry analyses were performed on a Thermo-Fisher LTQ Orbitrap Elite
Mass Spectrometer coupled with a Proxeon Easy NanoLC system (Waltham, MA) located at the
Proteomics and Mass Spectrometry Facility, University of Georgia. The enzymatic peptides
were loaded into a reversed-phase column (self-packed column/emitter, 0.1x~150 mm ID, with
200 A 5 uM Bruker MagicAQ C18 resin), then directly eluted into the mass spectrometer at a
flow rate of 450 nL/min. Briefly, the two-buffer gradient elution (0.1% formic acid as buffer A
and 99.9% acetonitrile with 0.1% formic acid as buffer B) starts with 0% B, holds at 0%B for 2
minutes, then increases to 10% B in 35 minutes, to 25% B in 60 minutes, to 50% B in 25 min
and to 95% B in 10 minutes.

The parallel reaction monitoring (PRM) method was carried out by constantly scanning
the m/z ranges (a window of 2 Thomson) where 4 ions of interest associated with the chosen
peptides are expected (Peterson et al., 2012). MS scans were acquired by Orbitrap at the

resolutions of 120,000 and 15,000, respectively. The targeted peptides are listed in Table 1.2.
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Table 1.2: List of peptides of interest used in targeted mass spectrometry. Unlabeled
peptides represent the natural concentration of proteorhodopsin in the samples. Labelled
peptides were added to the samples in a known concentration.

Targeted Peptides Associated Protein m/z Modifications
LPADESR Proteorhodopsin 394.2 NA
LPADES(R) Proteorhodopsin 399.2 13C and °N labelled
Arginine
VPSVHEK Proteorhodopsin 398.2 NA
VPSVHE(K) Proteorhodopsin 402.2 13C and *°N labelled
Lysine

Protein Quantification by AQUA

The absolute PR concentration in molecules cell* was estimated using the AQUA
procedure (Gerber et al., 2003). Heavy-labelled peptides are used to build an internal standard by
adding a known concentration of each heavy peptide to the samples of native “light” peptides.
Two tryptic peptides specifically associated with PR that resolve well in the MS were chosen to
become quantitative markers. These peptides were synthetically created (HeavyPeptide,
ThermoFisher) and labelled with N and 13C on either arginine or lysine depending on the
configuration of the peptide. Because the synthetic and natural peptides only differ in mass, they
behave the same way in the LC-MS system allowing for direct comparison between the signal
intensity of the peptides. The quantity of PR in each sample can be determined from the ratio of
known concentration of the synthetic peptide to the signal intensity of the synthetic peptide. This
ratio was determined using Skyline, an open-source program used to evaluate quantitative
proteomics experiments (MacLean et al., 2010). Once this ratio is calculated, the concentration
of PR in mols cell* can be estimated by back-calculating using the total number of cells in the

sample.
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Energy flux through the proteorhodopsin pathway was estimated by measuring the
abundance of PR protein in samples of P. subcurvata using targeted, quantitative mass-
spectrometry based proteomics. PR abundance was converted to energy flux using equations 2
and 3. Protein abundance (PR), turnover rate (z), and proton stoichiometry (S,+ ) were
multiplied to generate proton flux. Turnover rate represents the amount of time it takes a
molecule of PR to pump a proton across the membrane. Proton stoichiometry refers to the
number of protons that are transported per each photon absorbed by the molecule. This flux was
then multiplied by the free energy across the cytoplasmic membrane, AG, to produce energy flux.
Values for 7, S+, AG and were taken to be 20 s** (Wang et al. 2003) , 1 (Stoeckenius &

Bogomolni, 1982), and 18 kJ mol-! respectively, based on available literature values.

H*flux (mol cell 's ™) = PRx ¢ * S+ (2)

Energy flux (mol cell 's™') = AG = H" flux (3)

Semi-Quantitative Analysis by Spectral Counting

Spectral counting was used to determine relative changes in protein abundance under
varying iron concentrations. In spectral counting methods, each mass spectrum is assigned to a
peptide and then a protein. The spectral count is the total number of mass spectra identified for a
protein. By examining the change in this value, a semi-quantitative picture of changing protein
abundance can be created (Lundgren et al., 2010; Nunn et al., 2013).

Spectral counts were generated via the Trans-Proteomic Pipeline (TPP) developed by the
Seattle Proteome Center. TPP is an open-source program that can be used to transform, analyze,

and statistically verify the results produced from tandem mass spectrometry experiments in one
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environment (Deutsch et al., 2010). The raw data was searched by SEQUEST against the
predicted proteome for P. subcurvata. Peptides were identified using Peptide Prophet and
assigned to proteins using Protein Prophet. The resulting spectral counts were normalized
accounting for the length of each protein (NSAF) (Zybailov et al., 2006; Cohen et al., 2018).The
NSAF scores were then analyzed using the statistical PLGEM package available for R to
determine proteins that were significantly differentially expressed under different iron treatments

(Pavelka et al., 2004, 2008).
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RESULTS

Iron Limitation and Growth

P. subcurvata was grown under three different iron treatments: iron replete (pFe 19.0:
1370 nmol Lt iron), low iron (pFe 21.95: 3.2 nmol Lt iron), and with a strong chelator, DFB,
intended to induce strong iron limitation (DFB: 3.2 nmol Lt iron with 400 nmol L DFB). Only
in the DFB treatment was growth rate significantly reduced from iron replete conditions (Fig.
2.1), but Fv/Fm progressively decreased as iron bioavailability was reduced (Fig. 2.2) and sigma
progressively increased (Fig. 2.3). Taken together these results show iron stress was strong
enough to induce physiological changes in the P. subcurvata cultures, with progressively
stronger physiological effects as iron bioavailability was reduced. C. socialis was grown under
two iron treatments: iron replete (pFe 19.0) and low iron (pFe 21.95). Neither growth rate (Fig
2.1) nor Fv/Fm (Fig 2.2) was affected by iron treatment, but sigma increased at low iron (Fig.
2.3), indicating modest effects of iron on cellular physiology. Synedra spp. was grown under two
iron treatments: iron replete (pFe 19.0) and DFB. The DFB treatment significantly reduced
growth rate (Fig 2.1) and Fv/Fm (Fig 2.2) and increased sigma (Fig. 2.3), the combination of

which indicates strong physiological effects of iron limitation.

Energy Generation by Conventional Photosynthesis
There was a tendency for gross and net oxygen production to decrease as the strength of
iron limitation increased in all phytoplankton species (Fig 2.4). In P. subcurvata, gross oxygen

production decreased in both pFe 21.95 and DFB treatments compared to pFe 19.0 conditions.
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However, net oxygen production was only statistically significantly different from iron replete
conditions in the DFB treatment, possibly due to high variability among replicates. In C. socialis,
gross oxygen production was significantly reduced at low iron (pFe 21.95) but net oxygen
production was not affected. In Synedra spp., gross and net oxygen production were both
reduced under the DFB treatment.

Carbon fixation rates were measured via *C-DIC incorporation for each species. Carbon
fixation rates showed the same trend as oxygen production in that it decreased with increasing
iron limitation (Fig 2.5). Carbon fixation in P. subcurvata was reduced under the pFe 21.95
treatment relative to the pFe 19.0 treatment and was suppressed even further under the DFB
treatment. C. socialis and Synedra spp. both significantly decreased rates of carbon fixation
under reduced iron bioavailability.

Rates of photosynthetic electron transport were calculated as a function of irradiance,
generating PVE curves and estimates of electron transport rates at growth irradiance. These
curves provided estimates of o and Pmax. Each species showed an increase in a as they
experienced more extreme iron limitation (Fig 2.6). In general, iron limitation is associated with

decreased rates of Pmax across all three species (Fig 2.7).
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Figure 2.1: Average growth rates measured by fluorescence. Error bars represent one standard
deviation. Bars marked with the same letter are not significantly different from each other. An
asterisk represents values that are significantly different from the corresponding pFe 19.0 value
for the same species.



20

Average Fv/Fm
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Figure 2.2: Average Fv/Fm for each iron treatment across all measured species. Cultures were
not dark adapted before being measured. Error bars represent one standard deviation. Bars
marked with the same letter are not significantly different from each other. An asterisk represents
values that are significantly different from the corresponding pFe 19.0 value for the same
species.
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Figure 2.3: Average sigma for each iron treatment across all measured species. Cultures were not
dark adapted before being measured. Error bars represent one standard deviation. Bars marked
with the same letter are not significantly different from each other. An asterisk represents values
that are significantly different from the corresponding pFe 19.0 value for the same species.



22

Rates of Oxygen Production
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Figure 2.4: Gross primary production (black) and net primary production (gray) as rates of
oxygen production. Error bars represent one standard deviation. Y-axes are not on the same
scale. Units are reported at a magnitude of x10-18, Bars marked with the same letter are not
significantly different from each other. Statistical differences were not analyzed between gross
and net values (C and D are not necessarily different from A and B). An asterisk represents
values that are significantly different from the corresponding pFe 19.0 value for the same
species.
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Carbon Uptake Rates
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Figure 2.5: Average rates of carbon uptake for each iron treatment across all measured species.
Error bars represent one standard deviation. Y-axes are not on the same scale. Units are reported
at a magnitude of x1018, Bars marked with the same letter are not significantly different from
each other. An asterisk represents values that are significantly different from the corresponding
pFe 19.0 value for the same species.
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Figure 2.6: Values for o under each iron treatment across all measured species. Error bars
represent one standard deviation. Y-axes are not set to the same scale. Bars marked with the
same letter are not significantly different from each other. An asterisk represents values that are
significantly different from the corresponding pFe 19.0 value for the same species.
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Figure 2.7: Pmax is plotted for each iron treatment across all measured species. Error bars
represent one standard deviation. Bars marked with the same letter are not significantly different
from each other. An asterisk represents values that are significantly different from the
corresponding pFe 19.0 value for the same species.

Measurements of Proteorhodopsin
Iron Limitation and Growth

P. subcurvata cultures for proteomic analysis were grown under the same three iron
treatments as listed in the previous section (pFe 19.0, pFe 21.95, and DFB) with the addition of a
second low iron treatment (pFe 21.65). The DFB treatment showed significant changes in growth
rate (Fig 2.8) and sigma (Fig 2.10) compared to the other three treatments. While Fv/Fm values
steadily decreased with decreasing iron bioavailability (Fig 2.9), the pFe 21.95 and DFB

treatments were not significantly distinct from each other. The two low iron treatments (pFe
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21.65 and pFe 21.95) did not demonstrate statistically significant differences from each other for
any measurement. Their Fv/Fm and sigma values remained distinct from the iron replete
treatment (Fig 2.9 and 2.10), but their growth rates were similar to those of the iron replete
treatment (Fig 2.8). This indicates the pFe 21.65 and pFe 21.95 treatments display a moderate
level of iron stress while the DFB treatment can be considered physiologically distinct from the

iron replete treatment.

Energy Flux through PR

Protein abundance was used to estimate maximum values of energy flux through
PR in P. subcurvata cultures. Two unique, tryptic peptides (LPADESR and VPSVHEK) were
chosen as markers for PR allowing for absolute quantification of the protein. Energy fluxes
through the proteorhodopsin pathway show an apparent increase with increasing iron stress.
High variability in the mass spectrometric measurements may have affected the statistical
analysis of energy flux measurements possibly explaining the discrepancies in statistical
significances between the two peptides (LPADESR and VPSVHEK; Table 2.1). Energy flux
through PR increased significantly from the pFe 19.0 and pFe 21.65 treatments to the DFB
treatment when quantifying with the VPSVHEK peptide (Fig 2.11). Analyzing the LPADESR
peptide reveals no statistical significances despite the qualitative upward trend of energy flux

with increasing iron limitation (Fig 2.11).
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Changes in Protein Expression

Spectral counting techniques and PLGEM statistical analysis were used to examine
changes in protein expression between the pFe 19.0 and DFB treatments of P. subcurvata.
Proteins with good functional annotations, based on BLAST homology to proteins of known
function, and that were both: 1) substantially (2x) up- or down-regulated and 2) statistically
significantly different (p < 0.05) between iron treatments were examined. Several light
harvesting complex proteins (LHC 1-4), which bind pigments that capture light for
photosynthesis, and components of photosystem Il (PsbU, PsbV, OEC) were highly
downregulated under extreme iron stress (Fig. 2.13). In contrast, an iron starvation protein
(1SIP), an NADPH oxido-reductase, and PR were identified as being significantly upregulated

under low iron bioavailability (Fig 2.13).
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Figure 2.8: Average growth rates measured by fluorescence. Error bars represent one standard
deviation. Bars marked with the same letter are not significantly different from each other.
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Figure 2.9: Average Fv/Fm measured by FIRe. Error bars represent one standard deviation. Bars
marked with the same letter are not significantly different from each other.
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Figure 2.10: Average sigma measured by FIRe. Error bars represent one standard deviation. Bars
marked with the same letter are not significantly different from each other.
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Table 2.1: Significant differences between iron treatments for energy flux values (kJ cell* s1)
were determined by ANOVA followed by Tukey’s Honest Significant Differences test.
Significance is denoted by an asterisk and defined as a p-value less than 0.5 or a 95% confidence

interval that does not include 0.

LPADESR p-value 95% Confidence Interval
pFe 19.0, DFB 0.15 -3.18x1018 — 4.41x10°%°
pFe 21.65, DFB 0.12 -3.26x1018 — 3.65x10%°
pFe 21.95, DFB 0.29 -2.89x1018 — 7.30x10%°
pFe 21.65, pFe 19.0 0.99 -1.89x1018 — 1.74x1018
pFe 21.95, pFe 19.0 0.95 -1.53x1018 - 2.10x10%8
pFe 21.95, pFe 21.65 0.91 -1.45x1018 - 2,18x101%8
VPSVHEK p-value 95% Confidence Interval
pFe 19.0, DFB 0.02* -5.99x101° — -5.46x1020*
pFe 21.65, DFB 0.04* -5.53x101% — -8.54x1021*
pFe 21.95, DFB 0.18 -4.67x101° - 7.77x10%
pFe 21.65, pFe 19.0 0.95 -2.26x10%° — 3.18x101°
pFe 21.95, pFe 19.0 0.45 -1.40x101° — 4.05x10°%°
pFe 21.95, pFe 21.65 0.75 -1.86x101° — 3.59x10%°
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DISCUSSION

Photosynthetic organisms generate both reducing power, as NADPH, and energy, as
ATP, for carbon fixation and other cellular needs through the photosynthetic light reactions.
However, linear electron flow through the photosynthetic systems does not produce sufficient
ATP to support both carbon fixation and other metabolic needs relative to the amount of
NADPH produced (Allen, 2002). Photoautotrophs have evolved several alternative strategies
(Fig 3.1) to generate supplementary ATP including cyclic electron transport around PSI
(Shikanai, 2007), water-water cycles (Asada, 1999; McDonald et al., 2011), and mitochondrial
ATP generation (Bailleul et al., 2015). Because of the high iron requirement of PSI (12 iron
atoms per complex), ATP generation mechanisms involving PSI are generally not used in marine
autotrophs (Behrenfeld & Milligan, 2013), since iron is rarely plentiful in the ocean. Instead,
marine phytoplankton are known to make use of PSlI-based water-water cycles such as PTOX
(Cardol et al., 2008; Mackey et al., 2008) or involve the mitochondria, as has been demonstrated
for several species of marine diatoms (Bailleul et al., 2015). These mechanisms require less iron
than PSI-based processes, but still require significant iron investments in PSII, oxidases, or
electron transport, depending on the particular mechanism employed (Behrenfeld & Milligan,
2013). In contrast, PR contains no iron, and so could serve as an iron-free alternative mechanism
to generate supplementary energy. We sought to test this hypothesis by quantifying the energy
generated from PR in a Southern Ocean strain of P. subcurvata, analyzing protein expression

under iron limited and non-limited conditions, and by comparing photophysiological
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acclimations to iron stress in P. subcurvata with that of two non-PR containing Southern Ocean
diatoms, C. socialis and Synedra spp.

As P. subcurvata was grown under increasing iron stress, PR protein abundance and
energy generation increased (Fig 2.11) while flux through the conventional light reactions
decreased as indicated by reductions in gross oxygen production from PSII (Fig 2.4) and reduced
photosynthetic electron transport (Fig. 2.7). Decreases in flux through the photosynthetic light
reactions accompanied by declines in carbon fixation rates (Fig 2.5) were expected since the
main sink for NADPH and ATP generated in the light reactions is carbon fixation in the Calvin-
Benson cycle. This and previous studies have demonstrated that a common response to iron
limitation by diatoms is to downregulate their photosynthetic system in order to reduce the cell’s
need for iron (W. G. Sunda & Huntsman, 1995; Moreno et al., 2018). The fact that under iron
replete conditions, gross oxygen production rates were statistically indistinguishable from carbon
fixation rates (Fig 3.2 and 3.3), though with some variation, suggested that P. subcurvata does
not make substantial use of water-water cycle activity, such as PTOX, to produce supplementary
ATP. Like other diatoms, P. subcurvata may instead shuttle reducing power to the mitochondria
to generate additional ATP (Bailleul et al., 2015), although many diatoms do have candidate
genes for PTOX (Grouneva et al., 2011) and so may make use of a PTOX-based water-water
cycle to some extent. The approximate 1:1 ratio between gross oxygen production and carbon
fixation was maintained under iron-stress, arguing that water-water cycle activity remained low
under all iron conditions. While PR abundance increased under iron stress, our estimates of
energy generated from PR, calculated from its abundance, turnover rate, and typical
transmembrane proton energy gradients, remained small relative to the energy generated in

conventional photosynthesis (Fig 3.4). The fraction of cellular energy generated by PR remained
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<1% under all conditions, precluding PR from providing the supplementary ATP necessary to
support metabolism. Instead, it is likely that P. subcurvata generates supplemental ATP by
shuttling NADPH to the mitochondria and perhaps to some extent via PTOX, regardless of iron
availability.

Quantification of PR via quantitative proteomics presented some challenges. Two tryptic
peptides specific to PR were chosen to act as quantitative markers for PR abundance, LPADESR
and VPSVHEK. Though in principle these two peptides should be present in the same amount,
and thus serve as redundant measures of PR, the peptide concentrations and inferred PR
abundance differed by nearly an order of magnitude between the two peptides. This discrepancy
could be due to the similar retention time between the two peptides. By co-eluting into the mass
spectrometer, LPADESR may have been suppressing the signal from VPSVHEK causing
VPSVHEK to underrepresent the abundance of PR in the sample. The transition ions associated
with VPSVHEK were often missed by the mass spectrometer resulting in lower signal estimates.
For this reason, the rest of the discussion will focus on the data collected using the peptide
LPADESR.

Estimates of PR abundance in P. subcurvata range from less than 300 copies per cell
under iron replete conditions to nearly 3,000 copies per cell in the DFB treatment (Fig 2.11).
These estimates are much lower than those for heterotrophic bacteria which have been calculated
to be within the range of 6,000 to 145,000 depending on oceanic region. The rate of energy flux
through PR under the DFB treatment was estimated to be 1.5x10-18kJ cell"* s, This value
generally agrees with estimates of total energy flux through microbial PRs in situ which were
estimated to be between 6.50x10*° and 1.31x10%" kJ cell* s (Gdmez-Consarnau et al., 2019).

Analysis shows that the amount of energy generated by PR accounted for less than 0.01% of
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total energy under iron replete conditions and increased nearly 10x to just under 0.1% of energy
under extreme iron limitation (Fig 3.4). While there is evidence to suggest PR can provide
enough energy to sustain heterotrophic bacteria in some regions of the ocean, it does not seem
likely that PR could provide enough energy alone to sustain the necessary metabolic rates
required of diatoms.

In addition to estimating PR’s contribution to total energy generation, we sought to
compare how photosynthetic energy flows and characteristics respond to iron stress in PR-
containing and PR-lacking diatoms, looking for clues to PR’s role in mitigating iron stress. The
results show that the changes in photosynthetic fluxes in the PR containing diatom, P.
subcurvata were very similar to those in the non-PR containing diatoms, C. socialis and Synedra
spp (Fig 3.5). For P. subcurvata, rates of gross and net oxygen production, electron transport,
and carbon fixation were significantly slower under iron-stressed conditions when compared to
the iron replete conditions. For C. socialis, each part of the photosynthetic system, excluding net
oxygen production, operated significantly more slowly when the cells were iron limited (Fig
3.5). Synedra spp. behaved in a very similar manner with reductions in all rates except oxygen
consumption. While downregulation of photosynthetic processes under iron-limitation is not
unexpected, we also examined changes in relative rates of photosynthetic fluxes and similarly
found little difference between PR-containing and PR-lacking diatoms. Ratios of carbon fixation
to gross oxygen production were ~1 in all species under iron replete conditions and that ratio was
maintained under iron stress in P. subcurvata, C. socialis, and Synedra (Fig 3.3). Despite
containing PR, it seems that P. subcurvata does not display notable differences in

downregulation of photosynthesis compared to non-PR containing diatoms.
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Overall, it appears that the changes in the conventional photosynthetic system of the PR
containing diatom P. subcurvata were similar to those of non-PR containing C. socialis and
Synedra spp. While energy flux through PR did increase with iron limitation, it never exceeded
1% of the total energy budget and it does not seem to have produced enough energy to allow for
increased rates of carbon fixation compared to the non-PR containing diatoms. Further study is
needed to elucidate the physiological purpose of PR in Antarctic diatoms. Recent work on
localization suggests that PR is localized to cytoplasmic vacuoles, which may store nutrients and
iron (Andrews and Marchetti, personal communication). Consequently, PR may serve a more
limited role of acidifying these vacuoles or helping to generate a transmembrane energy gradient

to support nutrient and iron import into the vacuole.

H*+0, H,0 -—)NADPH--)mitO
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Fig. 3.1 Simplified diagram of linear electron flows (solid black arrows) through the
photosynthetic light reactions (PSII — photosystem I, PQ — plastoquinone, PSI — photosystem I;
Fd — ferredoxin) and alterative electron flows (dashed grey arrows) potentially used to generate
supplemental energy in the form of a trans-thylakoid proton gradient that can be converted into
ATP by ATP synthase (PTOX — plastoquinol terminal oxidase, Fd — ferredoxin, PR —
proteorhodopsin). Note that the arrow from ferredoxin to plastoquinone is a simplified
representation of PSI cyclic electron transport.
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Rates of Oxygen Production
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Figure 3.2: Bar graphs comparing rate of oxygen production to rate of carbon fixation. Both sets
of measurements are reported in units of X108, Error bars represent one standard deviation. Y-
axes are not on the same scale.
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Figure 3.3: Bar graphs comparing ratio of oxygen production to carbon fixation. Both sets of
measurements are reported at a scale of 1x10*8. Error bars represent one standard deviation
calculated via propagation of error. Y-axes are not on the same scale.
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Figure 3.5 Diagrams representing major components of the cellular energy budget of three
species of Southern Ocean diatoms (P. subcurvata: A, B; C. socialis: C, D; Synedra spp.: E, F)
grown under iron replete (A, C, E) or iron-stressed (B, D, F) conditions. Values for oxygen
production and consumption, carbon fixation, and hydrogen ion flux through PR are reported in
units of 1x10-2° mol cell* s'1. Pmax electron transport rates are represented in units of electrons
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chl-a s, Blue coloring represents values that are significantly decreased when compared to the
corresponding value of the treatment as determined by Student’s t-test. Reported values for
oxygen consumption were measured in the light.
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