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(CO
2
) in the atmosphere has brought many researchers 

together in an attempt to find a solution. One such 
idea for sequestering CO

2
 out of the atmosphere is to 

employ phytoplankton, a dominant oceanic primary 
producer. Phytoplankton are limited by Fe in vast areas 
of the world’s oceans, and it has been suggested that 
the anthropogenic act of iron (Fe) fertilization could 
increase bloom size and the resulting drawdown of CO

2
 

[1-5]. The act of manually enriching the oceans with Fe 
is contentious, as the direct and long-term effects Fe 
additions will have on the marine ecosystems is unknown 
[6, 7]. Diatoms constitute 40% of marine organic carbon 
and account for as much as 30% of global carbon fixation 
[8]. Fe fertilization is well documented to increase diatom 
bloom size and the amount of CO

2
 removed from the 

atmosphere, yet the direct physiological effect Fe has on 
diatoms is still being explored. In these areas of limited 
Fe, diatoms have diminished photosynthetic abilities 
and reduced chlorophyll contents. Fe plays a primary 
role in many proteins involved in energy production 
and utilization [9, 10]. Many of these essential functions 
are predicted to take place in the mitochondria and 
chloroplasts, yet little is known about the distributions of 
these functions in diatoms [11-14]. Although the plastid 
is the location within the cell that generates cellular 
energy via photosynthesis, to date it is unknown if all the 
proteins within the plastid are constitutively expressed 
or if the plastid needs to modify the proteome to adapt to 
environmental stresses, such as Fe-limitation.

Based on previous research by Nunn et al. [10], we 
hypothesized that diatoms express different proteins in 
order to adapt to environmental stresses and that this 
expression will be observable using mass spectrometry 
techniques. To understand how chloroplast protein 
function may be impacted by low Fe, we grew cultures 
of diatoms in Fe-replete or Fe-limited seawater. The 
cells were harvested for chloroplast isolation at mid-
exponential growth. Because diatoms are enclosed 
in a silica shell known as a frustule, it is difficult to 
disrupt the cells and maintain an intact chloroplast. 
Traditional means to disrupt cells typically use a high 
frequency sonicating probe that shatters the shell and 

Phytoplankton Plastid Proteomics: Cracking open Diatoms to 
Understand Plastid Biochemistry under Iron Limitation

Summary
Diatoms, such as Thalassiosira pseudonana, are 
important oceanic primary producers, as they 
sequester carbon dioxide (CO2) out of the atmosphere, 
die, and precipitate to the ocean floor. In many areas 
of the world’s oceans, phytoplankton, such as diatoms, 
are limited in growth by the availability of iron (Fe). 
Fe is an essential nutrient for phytoplankton, as it is 
central in the electron transport chain component 
of photosynthesis. Through this study, we examined 
if Fe-limitation makes a significant difference in the 
proteins expressed within the chloroplast, the power 
source for diatoms. Here, we utilized a new plastid 
isolation technique specific to diatoms and completed 
14 mass spectrometry experiments to determine how 
many proteins transit the plastid membrane, if there 
are any differences in the expressed proteomes within 
the plastid grown under Fe-replete and Fe-limited 
conditions, and what those differences are. Over 900 
unique proteins were identified from the isolated 
plastids, and cluster analyses of the data verified that 
statistical differences are present between the Fe-
replete and Fe-limited growth conditions. Furthermore, 
our plastid proteome is in agreement with many of the 
recognized proteins previously discovered in land plant 
plastids, suggesting the isolation method followed by 
proteomic mass spectrometry is valid and sensitive. 
Through the isolation and analysis of plastid proteins, 
as shown here, scientists can now better identify which 
nutrients and/or trace metals directly affect diatom 
photosynthetic capacity so they can design better 
experiments to increase CO2 fixation rates.
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Introduction
The global epidemic of increased carbon dioxide 
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all internal organellar components. We used a recently 
developed protocol that utilizes a chemical-based 
method to dissolve the outer silica shell, leaving the 
internal protoplast membrane and organelles unharmed. 
Organelles were then isolated using Percoll density 
gradients and isolated fractions were digested with 
trypsin and analyzed using mass spectrometry-based 
proteomics. Recent bioinformatical approaches have 
examined plastid localization [14], but to our knowledge, 
this is the first experimental analysis of its kind on 
diatoms. Since there are only 127 proteins encoded in 
the T. pseudonana plastid genome [12], we hypothesized 
that the most highly expressed proteins within the plastid 
are from the plastid-encoded proteome, with hundreds 
of additional proteins translated from the diatom’s 
mitochondrial- or nuclear-encoded genome within the 
plastid to ensure functionality. The second objective of 
the research was to determine if proteins transcribed 
from either the mitochondrial or nuclear genome transit 
across the plastid membrane in order for the cell to 
photosynthesize and grow. Here, we present proteomic 
data from isolated chloroplasts to reveal the distribution 
of diatom plastid-localized processes under the stress 
of low Fe conditions. From the statistical analyses 
presented here, we determined that the distribution of 
proteins present within the plastids of diatom cells grown 
under Fe-replete and Fe-limited conditions exhibit 
significant differences. Further, we reveal which proteins 
drive the differences in the protein expression observed.

Results
Using mass spectrometry on isolated plastids from 

Fe-replete and Fe-limited cells, we determined that the 
cohort of proteins expressed in the two growth conditions 
exhibited significant differences. This discovery directly 

supports our hypothesis that diatoms express different 
proteins when faced with an environmental stress. 
Specifically, this was statistically revealed when the 
matrix of proteomic data and their relative quantities 
were examined using non-metric multidimensional 
scaling (NMDS; Figure 1). The NMDS analyses projects 
high-dimensional data (i.e., abundances of 929 proteins) 
onto a new set of axes (ordinations), where the x-axis 
explains the greatest variation in the original data and 
the y-axis explains the second most variation. Further 
analysis of proteins predominantly contributing to the 
observed separation on NMDS axis 1 revealed that a 
plastid-localized GroEL chaperone (A0T0X0) is the 
primary component driving the differences observed 
between Fe-replete and Fe-limited diatom plastid 
proteomes on the NMDS plot. GroEL proteins are 
chaperonins involved in protein folding. Other proteins 
that were significantly more abundant in the Fe-replete 
samples and contributed to the separation on the NMDS 
plot included mitochondrial glycine decarboxylase 
P-protein (GdcP; B8BX31), aconitase (AcnB, B83CV9), 
pyruvate dehydrogenase (PdhB1, B8LC08), and 7 
uncharacterized proteins (B8BPW0, B8BW88, B8C108, 
B8C4T7, B8CBZ7, B8CFJ8, B8CG91).

Although the T. pseudonana plastid-encoded 
genome has only 127 predicted proteins, our MS-based 
proteomic experiments identified 808 unique proteins in 
the Fe-limited cultures and 717 in the Fe-replete cultures 
(Figure 2). This is evidence that many of the proteins 
within the plastid have transited from the mitochondria, 
cytoplasm, or nucleus to the interior of the plastid; this 
finding supports our original hypothesis. Of the total 929 
proteins, 212 proteins were uniquely identified in the Fe-

Figure 1. NMDS plot of protein expression data for 
biological splits and replicates of Fe-replete (shades of 
red) and Fe-limited (shades of blue) isolated plastids. 
Each point includes spectral count data averaged across two 
technical MS replicate analyses.

Figure 2. Venn Diagram illustrating overlap of proteins 
identified in plastids isolated from Fe-replete (Fe+) and 
Fe-limited (Fe-) cultures. Proteins were considered present 
within the sample condition (i.e., Fe+ or Fe-) if each of the 
biological replicates or splits had > 2 spectral counts. Reported 
numbers within the diagram include all proteins identified from 
combined biological and technical replicates.
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limited plastid samples. Using spectral counting statistics 
from QSpec software and thresholds for differential 
expression (log fold > 0.5 and Z-statistic score > 2) [33, 
34]. 128 proteins were found to be significantly more 
abundant in the Fe-limited samples. The Fe-replete 
samples had a total of 105 proteins that passed the same 
strict spectral counting thresholds. Proteins identified by 
QSpec to be either statistically more or less abundant 
in the different cell states were then examined with 
respect to all proteins identified to reveal if the subset of 
more abundant proteins was enriched in any particular 
biological functions. These enrichment analyses were 
completed using DAVID software. Examination of the 
QSpec cohorts of differentially expressed proteins 
did identify enrichments of expressed physiological 
processes and biochemical pathways. Specifically, 
DAVID revealed that the Fe-replete plastid protein lists 
were enriched in gene products involved in the generation 
of metabolites for energy, monosaccharide processes, 
catabolism, glycolysis, and aerobic respiration (Table 
1). Biological enrichment functional summaries of the 
unique proteins in Fe-limited samples revealed that they 
were involved in DNA packaging and RNA biosynthetic 
processes (Table 2). Despite more proteins being 

uniquely identified in the Fe-limited samples (212 vs. 121; 
Figure 2), there were fewer well-represented metabolic 
pathways in the Fe-limited proteins (Table 2 vs. Table 1). 
The DAVID software also revealed that both Fe-limited 
and Fe-replete cultures have biological enrichments of 
proteins involved in DNA processing, however Fe-limited 
samples had twice as many unique DNA processing 
proteins than those of the replete samples (ratio of total 
proteins associated with DNA processing expressed in 
Fe+:Fe- plastids: 3:6). 

A volcano plot of all proteins identified in these 
experiments color-coded by location of DNA revealed 
that chloroplast-originating proteins tend to be present 
in greater abundance in the Fe-limited cells (Figure 3). 
Analysis of spectral count data from Fe-limited cultures 
revealed 128 proteins to be more abundant than in 
Fe-replete culture conditions (Figure 3). Although T. 

pseudonana plastid-encoded proteins were observed to 
have a greater abundance in the Fe-limited cell cultures, 
the amounts of mitochondrial- and nucleus-encoded 
proteins were similar in the two growth conditions. No 
proteins were observed to have above or below 4-fold 
expressed abundances. The Z-statistic provides a score 
for the spectral count reproducibility between the sample 

Table 1. Biological Enrichment of Gene Ontology (GO) Process Terms in Fe-replete Plastids. Biological enrichment 
analysis was completed to determine if the subset of proteins determined to be more abundant in Fe-replete plastid 
fractions (i.e., QSpec results: 105 proteins) represented an enrichment in GO terms relative to GO terms from all 
proteins identified (929 proteins). Count: number of proteins identified to be from listed GO term; %: percent of protein 
from this GO term represented in Fe-replete fraction relative to all terms identified in plastid fractions; p-value: a 
modified Fisher Exact p-value for gene-enrichment analysis, ranges from 0 to 1. Fisher Exact p-value = 0 represents 
perfect enrichment. p-value ≤ 0.05 considered to be strongly enriched in the annotation categories.

Table 2. Biological Enrichment of Gene Ontology (GO) Process Terms in Fe-limited Plastids. Biological enrichment 
analysis was completed to determine if the subset of proteins determined to be more abundant in Fe-limited plastid 
fractions (i.e., QSpec results: 128 proteins) represented an enrichment in GO terms relative to GO terms from all 
proteins identified (929 proteins). Count: number of proteins identified to be from listed GO term; %: percent of protein 
from this GO term represented in Fe-limited fraction relative to all terms identified in plastid fractions; p-value: a 
modified Fisher Exact p-value for gene-enrichment analysis, ranges from 0 to 1. Fisher Exact p-value = 0 represents 
perfect enrichment. p-value ≤ 0.05 considered to be strongly enriched in the annotation categories.

Biological Process GO Category Count % p-value UNIPROT Protein IDs 

Generation of precursor 9 8.65% 0.00824 
B8BXSI , B5YN92, Q3S276, B8COL7, B8C63 1, 

metabolites and energy B8BR92,B8CAK5,B8C3V9,B8C001 

Cellular macromolecular complex 
5 4.81% 0.01773 B5YMW7, B8CEQ7, B8BRR6, B8BS24 

assembly 

Glycolysis 4 3.85% 0.01827 B8BXS 1, B5YN92, B8COL 7, B8C63 1 

Aerobic respiration 3 2.88% 0.023 19 Q3S276,B8CAK5,B8C3V9 

Cellular macromolecular complex 
5 4.81% 0.02445 B5YMW7, B8CEQ7, B8BRR6, B88S24 

subunit o ization 

Monosaccharide catabolic process 4 3.85% 0.03666 B8BXS 1, B5YN92, B8COL7, B8C631 

Cellular homeostasis 5 4.81% 0.04037 B8CCL3, B8C4S9, B8LC90, B8LBI2, B8BXF4 

Proteolysis involved in cellular 
5 4.81% 0.04734 B8CFM9, B8LBUO, B8LDK 1, B8BPY8, B8LCY9 

protein catabolic process 
Cellular macromolecule catabolic 

5 4.8 1% 0.05298 B8CFM9, B8LBUO, B8LDK1, B8BPY8, B8LCY9 
process 

Biological Process GO Category Count % p-value UNIPROT Protein IDs 

D A packaging 6 5.0847% 0.03234 BSYMD6 

RNA biosynthetic process 3 2.5424% 0.03857 AOTORO,AOTOQ9,AOTOZ4 
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suites, where high values indicate samples in which the 
protein spectral counts between replicates for one cell 
state did not vary, but as a whole were significantly different 
from the protein spectral counts for the other cell state. 
Many of the proteins exhibiting high Z-statistic scores 
yielded ambiguous annotations (i.e., uncharacterized 
protein), revealing protein targets to investigate with 
other molecular techniques. There were 6 proteins with 
> 2-fold difference in abundance; this represents a suite 
of proteins that are 22 times (i.e., 4 times) more abundant 
in Fe-limited plastids. These highly abundant proteins in 
the Fe-limited plastids include 2 cell-surface/membrane 
proteins and proteins involved in the management and 
cleavage of DNA. On the other hand, 14 proteins were 
observed at significantly decreased abundance in the 
Fe-limited plastids compared to Fe-replete plastids and 
include proteins involved in amino acid degradation and 
the Fe-responsive proteins aconitase and dihydrolipoyl 
dehydrogenase. Additionally, proteins involved in the 
transfer, catabolism, and conversion of phosphates are 
within this group of proteins that are present in Fe-limited 
cells at lower abundances.

Discussion
Here, we set out to determine if there were detectable 

differences in proteins observed within the plastid of a 
diatom when grown under Fe-replete and Fe-limited 
conditions. Our hypothesis that diatoms express 
different proteins to adapt to Fe-specific environmental 
stress and that this expression is observable using mass 
spectrometry was confirmed through these experiments. 
Using a cluster analysis, a statistical difference was 
observed in the protein abundance data present in 
the plastids because of the available Fe (Figure 1). 
Microscopic visual inspection of the collected plastid 
fraction revealed that the suspended organellar fraction 

within the Percoll gradient consisted of only chloroplasts. 
Additionally, comparisons of protein lysates from these 
whole cell lysates and the plastid-isolated fractions were 
visualized on a silver-stained SDS-PAGE protein gel [21], 
revealing an enrichment of ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) subunit proteins in 
the plastid fraction. Furthermore, recent discussions 
within the molecular technology community have 
communicated that proteomic mass spectrometry 
is a valuable method for determining the purity of 
fractionated cells [15, 16]. For example, examination 
of all proteins identified in these plastid fractions 
(929 proteins) with respect to all genes predicted for 
Thalassiosira pseudonana (total of 11,718 proteins in 
UniProt) revealed significant biological enrichment of 
the chloroplast and plastid cellular component. Again, 
there are 127 total proteins that are encoded in the 
Thalassiosira pseudonana chloroplast [12]. Of the 929 
proteins identified here, 86 proteins of the 127 proteins 
were annotated to be from the plastid genome. There 
were 60 proteins identified in these plastid fractions that 
are involved specifically in photosynthesis. That said, 
there are, and a high number of proteins identified within 
this study to be present within the cleaned, isolated, and 
microscopically examined plastids from these two diatom 
cultures that were not translated from the plastid genome. 
Specifically, there are hundreds of proteins that were 
nuclear encoded (Figure 3), and many of these proteins 
yielded significantly different abundances, thereby 
driving the observed statistical differences in the NMDS 
cluster analysis (e.g., aconitase). Although the presence 
of these proteins in the plastid fraction initially raised 
concerns about other-than-organelle contamination, 
this first look at the diatom plastid proteome reveals 
high similarity to those plastid proteomes previously 
published [17] and publically available plastid proteome 

Figure 3. Log fold change vs. Z-statistic scores from 
QSpec analysis summarizing protein expression data of 
Fe-limited plastid abundances compared to Fe-replete 
plastid protein abundances. Points are colored according 
to where their protein sequence is encoded: plastid (green), 
mitochondrial (purple), or nuclear (black). Positive fold change 
indicates that a specific protein, represented by a point, had 
an increased abundance in the Fe-limited plastids relative to 
the Fe-replete plastids. Blue dashed line indicates the log fold 
(base 2) change threshold required to be statistically present at 
higher (positive values > 0.05) or lower abundances (negative 
values < -0.05). Red dashed lines represent the significance 
threshold for the absolute Z-statistic score (i.e., > 2 indicate 
Z-stat score limit that must be passed to be considered 
statistically different). Using these thresholds for differential 
expression (log fold > 0.5 and Z-statistic score > 2), 128 
proteins were found to be significantly more abundant in the 
Fe- samples (right upper quadrant), and Fe- replete samples 
had a total of 105 proteins that were more abundant (left upper 
quadrant). 
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databases (http://ppdb.tc.cornell.edu).
From our cluster analysis of all proteomic data, GroEL 

chaperones appeared to be an important factor driving 
the differences observed in Figure 1. The decreased 
abundance of GroEL chaperones in Fe-limited cell 
growth (log fold -2.9; ~8 times more abundant compared 
to Fe-replete cells) likely negatively affected growth. 
GroEL chaperones refold unfolded polypeptides, and 
the lack of GroEL would yield misfolded proteins. A 
major role for GroEL chaperones in chloroplasts is to 
help RuBisCO fold properly. It may be that a decrease 
in photosynthesis under Fe-limitation results in less 
new RuBisCO being synthesized and a corresponding 
down-regulation of GroEL. Fe-limited diatom plastids 
also exhibited a lower abundance of proteins involved in 
the transfer, catabolism, and conversion of phosphates. 
The Fe-limited cells were not dividing as rapidly due to 
the lack of Fe and likely did not have the typical high 
phosphate demand required for DNA synthesis [18, 19]. 
Other proteins that were significantly more abundant in 
the Fe-replete samples and contributed to the separation 
on the NMDS plot included multiple uncharacterized 
proteins, representing new areas of potential research 
now that these can be isolated within the organelle. 
Additionally, many of the proteins observed within the 
plastid proteome that are not traditionally considered 
to be present in the plastid (e.g., mitochondrial glycine 
decarboxylase P-protein GdcP B8BX31 and aconitase 
AcnB, B83CV9) were present and also discovered in the 
chloroplasts of Arabidopsis thaliana [20]. This suggests 
that the high number of unique, non-plastid-encoded 
proteins found is in agreement with previous research on 
terrestrial plants. That said, some of these non-plastid-
encoded proteins are possibly due to contamination 
from the rest of the cell, even though it appeared that 
plastid fractions were clean [21]. 

As diatoms are key contributors to the global carbon 
and silica cycle [22, 23], the effects of Fe on general 
photosynthetic capacity are important to understand. 
Here, we revealed that Fe directly controls the proteins 
expressed within the plastid, the organelle that houses 
the reactions for photosynthesis. Diatoms require Fe as 
a cofactor to transfer electrons toward the ATP synthase 
complex; Fe is essential to the mechanics of Photosystem 
I (PSI), PSII, and cytochrome processes [24]. The data 
resulting from our analysis of T. pseudonana grown 
under Fe-limited conditions demonstrates that the cells 
must alter the plastid proteome to adapt to diminished 
Fe concentrations. Further, we show that T. pseudonana 

is able to adapt to low Fe conditions and maintain the 
core complexes of PSI and PSII, but the majority of 
the subcomplexes are down regulated. Therefore, the 
photosynthetic capacity of diatoms was challenged 
when Fe was limited, but it was not catastrophic since 

growth was observed, albeit at low rates. This is further 
evidence that Fe-limitation leads to a unique phenotypic 
expression for survival. Through the isolation and 
analysis of plastid proteins, as shown here, scientists 
can now better identify what nutrients and/or trace 
metals directly affect diatom photosynthetic capacity 
so they can design better experiments to increase CO

2
 

fixation rates.

Materials and Methods
Diatom Cultures. The diatom Thalassiosira pseudonana 

was selected as the study organism as it has a well-
characterized physiology, genome, and proteome [11, 
25-27]. T. pseudonana clone 3H (CCMP1335, mean 
diameter: 4 µm) was obtained from the Provasoli-
Guillard Center for Culture of Marine Phytoplankton 
(West Boothbay Harbor, ME, USA). Cells were grown 
axenically using semi-continuous batch culturing with 
a modified version of f/2 made in 0.2-µm filtered and 
microwave-sterilized Sargasso seawater [28]. Fe was 
added separately to achieve the desired concentrations. 
Biological duplicate cultures grown under replete 
conditions received 400 nM Fe. The inoculum for the 
biological duplicate Fe-limited treatment came from an 
exponentially growing replete culture that was diluted 
(1:10) in media without added Fe. Cultures were grown 
in 2-L acid-cleaned polycarbonate flasks. All cultures 
were maintained at 13°C, at a continuous light intensity 
of 150 μmol quanta m-2 s-1, and provided with cool-
white fluorescent lights. The growth rates (d-1) of the 
cultures were monitored daily using in vivo chlorophyll 
a (Chl) fluorescence measurements with a Turner 
Designs Trilogy Fluorometer (Sunnyvale, CA, USA). Cell 
density (cells per mL) and cell counts were completed 
using a haemocytometer with an Olympus BX-50 light 
microscope. Sterile trace metal–clean techniques were 
used during all experiments and manipulations. 

Chloroplast and Other Plastid Extraction from Diatoms. 
Diatom cultures were grown in autoclaved f/2 media until 
the cell density reached approximately 1E6 cells per ml. 
Two samples were isolated from biological duplicate 
cultures from each treatment (Fe replete and Fe limited). 
Due to the limited number of cells in the Fe-limited 
cultures, only three distinct samples were isolated from 
the biological duplicate cultures for proteomics (two 
culture flasks, where one flask yielded two samples 
for mass spectrometry [MS] analyses). Two splits were 
generated from each biological duplicate flask of the Fe-
replete samples, yielding a total of four samples for MS 
analyses. The protocol to isolate organelles from diatoms 
was followed to yield a clean plastid-only fraction [21]. 
Isolation buffer consisted of a mixture of sorbitol, Na

2
-

EDTA, MgCl
2
, KCl, MnCl

2
, HEPES-KOH (pH = 8.0), and 
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sterile H
2
O. Just before the isolation buffer was used, 

1% (w/v) bovine serum albumin (BSA) was added. PEG-
6000 solution was made by combining poly-ethylene-
glycol (PEG) with sterile H

2
O. The Percoll solution was 

generated from Percoll, PEG-6000 solution, Ficoll, and 
BSA. The gradient mixture combined HEPES-KOH pH = 
8.0, EDTA, sorbitol, and sterile H

2
O. The Percoll gradient 

had a bottom layer of 80% Percoll and a top layer of 40% 
Percoll. A small amount of gel loading dye was added 
to the 40% Percoll solution before it was gently placed 
above the bottom layer Percoll solution using a Pasteur 
pipette

Pelleted diatom cells had their silica cell walls 
compromised using NH4F and vortexing. The slurry 
was then centrifuged, and overlying NH4F was poured 
off. Cells were resuspended and rinsed 3x with isolation 
buffer and centrifuged between rinses. Cells were 
then resuspended in a small amount of isolation buffer 
and briefly sonicated at the lowest setting for 10s. The 
diatom homogenate was loaded carefully onto the top 
of each two-step Percoll gradient with a Pasteur pipette. 
Cells were then centrifuged in a swing-out rotor with 
the brake off. Intact chloroplasts were visible between 
the layers and were recovered using a Pasteur pipette. 
The chloroplasts were then washed twice with isolation 
buffer without added BSA. To wash, buffer was added 
and chloroplasts were centrifuged in a swing-out 
rotor (1000xg, 5 min, 4°C), and the supernatant was 
discarded. Chloroplast fraction was then interrogated 
using phase contrast microscopy to visualize and 
confirm successful extraction of intact chloroplasts. 
Additionally, chloroplast fractions were run on sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) systems to determine purity [21].

Protein Sample Preparation and Mass Spectrometry. 
Sample preparation and mass spectrometry of plastid 
fractions for each treatment were completed following 
Nunn et al. [10] using an Orbitrap mass spectrometer. 
Plastid samples were ruptured using a sonicating probe, 
and lysates were then solubilized with 100 µl 6M urea. 
The pH was raised to 8.8 by adding 6.6 µl of 1.5 M 
Tris HCl prior to adding 2.5 µl of 200 mM TCEP. This 
mixture was incubated at 37°C for 1 hr. Proteins were 
then alkylated with the addition of 20 µl of 200 mM 
iodoacetamide (IAM), vortexed, and incubated for 1 hr 
at room temperature in the dark. Next, 20 µl of 200 mM 
dithiolthreitol (DTT) was added to the mixture, vortexed, 
and incubated 1 hr to soak up excess IAM. Prior to 
the addition of trypsin, the urea mixture was diluted by 
adding 800 µl of 25 mM NH4HCO3 and 200 µl MeOH 
(HPLC grade). Trypsin was added to the mixture at a 
ratio of 30 protein:1 trypsin and incubated overnight at 
37°C. Samples were then speedvaced to near dryness 

(~20ul) and desalted to remove urea salts following 
manufacturers’ protocols (C18 macrospin column; Nest 
Group Inc.) Desalted samples were speedvaced to ~1 
µl and resuspended in 0.1% formic acid and 5% ACN to 
a final concentration of 1 µg/µl. Samples were stored at 
-80°C prior to analysis. 

Resulting peptide samples were separated using 
inline reverse-phase chromatography (20 cm long, 75 
µm i.d. fused silica capillary column packed with C18 
particles fitted with a 2 cm long, 100 µm i.d. precolumn). 
Peptides were eluted using an acidified water-
acetonitrile gradient (5–35% ACN, 0.1% formic acid). 
Mass spectrometry was performed on a Thermo Fisher 
hybrid tandem mass spectrometer, the linear ion trap 
Orbitrap (LTQ-OT). A total of 1 µg of peptide digest was 
sampled per LC-MSMS analysis. 

All tandem mass spectrometry results were 
searched and interpreted with Comet and then scored 
with the Trans-Proteomic-Pipeline (TPP) [29-31]. The 
protein database used for correlating spectra with 
peptides consisted of the latest release version 3.0 of 
the T. pseudonana predicted protein database (www.
jgi.doe.gov), the unmapped sequences (Thaps3_bd; 
www.jgi.gov), bovine serum albumin sequence, and 50 
common contaminants. Comet parameters included 
reverse concatenated sequence database search, 
trypsin enzyme specificity, and variable modifications on 
cysteine (57 Da) and methionine (15.999 Da: oxidation). 
Minimum protein and peptide thresholds were set at p > 
0.95 on ProteinProphet and PeptideProphet [29]. Using 
concatenated target-decoy database searches, false-
discovery rates (FDR) were calculated according to Elias 
and Gygi [32] and were all <1%.

Label-free Protein Quantification (QSpec). For protein 
quantification, two splits from biological culture 
replicates were collected from the Fe-limited condition 
(total of four samples). We also collected two splits from 
one biological replicate plus one split from a second 
biological replicate from Fe-replete cultures (total of 
three samples). Each of the 7 samples received two 
90-minute analyses on the LTQ-OT (total of 14 analyses 
on the MS), representing technical replicates. This 
dataset was used to determine the relative quantities of 
protein expression from the Fe-replete and Fe-limited 
cultures. Spectral counting was employed to determine 
relative quantities [33, 34]. Spectral counting data were 
filtered at p > 0.95 protein and peptide probability using 
PeptideProphet, and proteins were only considered if > 2 
peptides were identified in each technical and biological 
replicate. Significance analyses were completed using 
QSpec to determine if proteins were significantly more 
or less abundant. QSpec is reported using a fold 
change difference in abundance with a log base 2 scale; 
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therefore, a log fold change of 1 indicates it is twice 
as abundant (21). Proteins were only considered to be 
present at significantly different abundance levels if the 
reported Z-score was ≥ 2 or ≤ -2 and the corresponding 
fold difference observed was ≥ 0.5 or ≤ -0.5.

R Statistics. To assess if the proteins identified in Fe-
replete bioreplicates and Fe-limited bioreplicates were 
statistically different, QSpec data was analyzed on 
a non-metric multidimensional scaling (NMDS) plot 
[35, 36]. NMDS plots of all MS technical replicate 
proteomic data were completed to determine if there 
were significant differences within analyses of biological 
replicate cultures or biological splits from the same 
culture (not shown). Once this was completed, spectral 
counts for technical replicates were averaged and then 
biological replicates or splits were plotted (Figure 1). 
Volcano plots were created using all QSpec data and 
cellular location data based on Joint Genome Institute 
predictions as entered into the UniProt genome server.

Biological Enrichment Analyses. Significant differences 
in protein abundance were determined using QSpec. 
These proteins represent the important physiological 
processes that are responding to Fe-limitation by either 
increasing or decreasing abundances. To determine 
if these sets of differential proteins were specific to a 
biological pathway or function, an unbiased enrichment 
analysis was completed. The Database for Annotation, 
Visualization and Integrated Discovery (DAVID; v6.7) 
was used to identify biological enrichments within the 
context of the larger dataset that included all proteins 
identified [11, 37]. Proteins that were determined to be 
at significantly higher or lower abundance in response to 
Fe-limitation were examined by this functional annotation 
tool in the context of a background expressed proteome 
(all proteins identified across biological and technical 
replicates). Specifically, using DAVID’s functional 
annotation tool, the background gene list included all 
proteins identified in the plastid fractions, and the gene 
list under investigation was either the list of significantly 
increased or decreased protein abundance in the Fe-
limited cells (as determined by QSpec).
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