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Abstract
Nitrogen stress is a common strategy employed to stimulate lipid accumulation in microalgae, a

biofuel feedstock of topical interest. Although widely investigated, the underlying mechanism of
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this strategy is still poorly understood. We examined the proteome response of lipid
accumulation in the model diatom, Phaeodactylum tricornutum (CCAP 1055/1), at an earlier
stage of exposure to selective nitrogen exclusion than previously investigated, and at a time point
when changes would reflect lipid accumulation more than carbohydrate accumulation. In total
1043 proteins were confidently identified (>2 unique peptides) with 645 significant (p<0.05)
changes observed, in the LC-MS/MS based iTRAQ investigation. Analysis of significant
changes in KEGG pathways and individual proteins showed that under nitrogen starvation P.
tricornutum reorganizes its proteome in favour of nitrogen scavenging and reduced lipid
degradation whilst rearranging the central energy metabolism that deprioritizes photosynthetic
pathways. By doing this, this species appears to increase nitrogen availability inside the cell and
limit its use to the pathways where it is needed most. Compared to previously published
proteomic analysis of nitrogen starvation in Chlamydomonas reinhardtii, central energy
metabolism and photosynthesis appear to be affected more in the diatom, whilst the green algae

appears to invest its energy in reorganizing respiration and the cellular organization pathways.

1. Introduction

In the last few decades there has been a growing interest in developing microalgae as the third
generation biofuel feedstock [1-3]. However, in order to develop economically viable processes
for biofuel production using microalgae, a greater understanding of microalgal metabolism and
its organisation in effecting the accumulation of biofuel precursors (lipids and carbohydrates) is
necessary. One of the most widely employed strategies that triggers the storage of energy
reserves in microalgae is nitrogen limitation or depletion in the growth medium, which has been
described for several species [4]. Recent studies have attempted to further understand this stress

at the ‘-omic’ level, primarily using the model algal species Chlamydomonas reinhardtii [5-9].
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However, given the diverse lineage of organisms classified under ‘microalgae’ [10,11], such
investigations are required in other lineages to develop a broader understanding of biofuel

precursor synthesis and accumulation.

Diatoms play a significant role in the global carbon cycle, accounting for ~20% of total
photosynthesis [12], and are of ecological significance. In addition, diatoms are also very
interesting for conducting studies in algal physiology and applied phycology. Specifically, the
marine diatom Phaeodactylum tricornutum has been used for aquaculture [13] and as a model for
cell morphological investigations [14]. The marine nature of this organism is also of interest as a
biofuel crop, as it allows for surmounting the water resource limitations associated with fresh
water cultivations [15]. In this sense, P. tricornutum has been recommended as a favorable
species for biodiesel production, with high lipid content (up to 61%) and lipid productivity (up to
26.75 mg L™ d ") being reported [16], as well as having suitable lipid profiles for the derivation
of biodiesel with desirable octane rating, iodine number and cloud point. The fact that its genome
is sequenced [17], with descriptive information available in UniProt and KEGG, makes this
species an excellent model organism for studying diatom based biofuel production [18]. As with
many other microalgal species, P. tricornutum has been shown to increase lipid content in
response to nitrogen stress [4]. Therefore, it is an excellent candidate to investigate the metabolic
effect of the nitrogen trigger in diatoms, allowing its comparison with previous investigations
from other taxonomic groups, such as Chlorophyta, and enabling a broader understanding of

lipid accumulation in microalgae under this condition.

The effect of nitrogen stress has been examined previously at the molecular level in P.
tricornutum, but this has been predominantly at the transcriptomic level using microarrays [19]

and RNAseq [20-22]. In these investigations, changes in the proteome has been inferred from
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transcript expression profiles. Such approaches only provide assessment of the transcriptional
control, disregarding the fact that both translational and degradation controls also affect the
amount of protein present inside the cell [23]. This is of particular relevance in a nitrogen stress
environment where protein degradation, as a way of nitrogen recovery, may play a significant
role in fulfilling cellular nitrogen demands [6]. Hence, transcriptomic studies themselves cannot
be relied upon to represent the true protein cellular levels [24-26]. These should either be
supported with targeted protein analysis, such as western blots or multiple reaction monitoring,

or a global proteomic investigation.

Whilst several proteomic investigations have been published in the Chlorophyta [9,27-34], there
is limited information in other phyla. Within diatoms, Thalassiosira pseudonana [26,35—41] and
P. tricornutum [22,37,42—45] have been the species most investigated. Some of these studies
have referred to nitrogen stress in some form [22,38,39,42,44,45]. Among these studies, the
recent investigation by Ge et al [42] reported proteomic changes using isobaric tags for relative
and absolute quantitation (iTRAQ). iTRAQ utilizes amine linking isobaric tags to allow
quantitative comparison of numerous proteins in an unbiased way and has become a popular tool
for proteomics, being a major improvement compared to 2D SDS PAGE gel methodology [46—
48]. Proteins detected in the work by Ge et al. [42] showed an increase in the carbohydrate
metabolic processes (glycolysis and tricarboxylic acid cycle) and branched-chain amino acid
catabolism, and a decrease in enzymes involved in cellular amino acid biosynthesis and
photosynthesis. However, the proteomic analysis was done when P. tricornutum growth was
well advanced and lipid accumulation was triggered by the natural depletion of nitrogen in the
medium after 60 h of growth. In that kind of setting, the physiological state of P. tricornutum

would be the result of the simultaneous change of other components in the medium in addition to
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the nitrogen concentration, and therefore, the observed proteomic changes could not be solely
attributed to the nitrogen limitation. In the present analysis we aimed to study the effect of
nitrogen starvation as the sole trigger of lipid accumulation in P. tricornutum by controlled
removal of this key element from the culture medium, and by observing the changes relatively
earlier than other investigations so far. The dynamics of P. tricornutum proteome reorganization
were analyzed using the iTRAQ methodology at 24 h after nitrogen removal, when lipid
production in the nitrogen starved culture, compared to the nitrogen replete control conditions,
was noticed to be at its highest, and when lipid accumulation appeared to take precedence over
carbohydrate accumulation. The choice of the time point to analyse was based on the criteria to
observe changes early enough under nitrogen depletion, but sufficiently delayed so as to
differentiate the changes attributable to carbohydrate accumulation. We believe this aspect has
not been addressed in previous investigations on the subject and would offer a more informed
access to the relevant metabolic changes. Through the use of this mass spectrometry based
proteomic quantification method and the unique design mentioned above, we aimed to increase
current understanding of the relationship between nitrogen stress and lipid accumulation within
microalgae. The results are also compared with previous analysis in Chlamydomonas reinhardtii
[6], to gain insights into metabolic differences and similarities between different taxonomic
affiliations. The ultimate goal is to acquire a better knowledge of the universality of the
molecular mechanisms underlying the induction of lipid accumulation in microalgae that will

lead to improved strategies for biofuel production from microalgae.

2. Materials and methods

2.1 Organism of study and medium
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P. tricornutum (CCAP 1055/1) was obtained from the Culture Collection of Algae and Protozoa
(CCAP, Oban, U.K.). F/2+Si medium was prepared as described by CCAP diluting in seawater
made with 33.6 g Ultramarine synthetic salts (Waterlife Research Industries Ltd. Middlesex,
U.K.) per liter. Cultures were grown in either F/2+Si medium (Nitrogen replete treatment) or

F/2+Si medium omitting sodium nitrate (Nitrogen deplete treatment).

2.2 Experimental approach

P. tricornutum was cultured in 250 ml bubble columns (40 mm diameter) sparged with air at 2.4
L min™. Filtered (0.22 micron) air was first passed through sterile water for humidification,
before being introduced by silicone tubing to the bottom of the column providing both mixing
and gas transfer. The top of the bubble column was sealed using a foam bung. The columns were
placed in a water bath maintained at 25 °C and under 24 h continuous lighting with two side
facing halogen lamps (230V 11W bulbs (OSRAM, Munich, Germany)). The lamps were placed
horizontally across a series of columns. This arrangement resulted in an average light intensity of
200 uE m? s for each column that varied by £50 uE m™ s along the length of the column, as
measured using a Quantum Scalar Laboratory Radiometer (Biospherical Instruments, San Diego,
CA, USA) in a water filled column. All columns in the experimental set-up received similar
light exposure along the lines indicated above, such that the average for each column fell within

sufficient to saturating light intensity for P. tricornutum [22,49])

Given that a considerable culture volume was required for proteomics, two batch cultures were
carried out for each condition in triplicate. The first batch was used to generate sufficient
biomass for profiling chlorophyll a, carbohydrate and (neutral) lipid profiles (collectively

referred to as biochemical analyses, hereafter), and the second batch was used to generate the
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biomass for proteomics. The biochemical analyses were also carried out on a single time point
from the second batch to ensure comparability of the batches. For both batches, the cultures were
grown in nitrogen replete medium for 48h reaching an optical density (OD7s50nm) > 0.4. Culture
from four columns was then pooled and the combined optical density used to calculate the
culture volume required for giving an OD7s5pp, of 0.2 upon re-suspension to 250 mL. The
calculated culture volume was then harvested from the pooled culture by centrifugation at 3000 g
for 5 min and resuspended in F/2+Si medium with or without nitrate to generate the nitrogen
replete and deplete treatments, respectively. These treatments were then sampled at 0, 6, 12, 18,
24, 36, 48, and 72h, post resuspension, in the first batch to generate the biochemical profiles.
Similarly sampling was done at 24 h for proteomic analysis and 72 h for biochemical analyses,

with the second batch.

2.3 Biochemical analysis

For the first three time points the sample volume was 20 ml, whilst it was 15 ml for the
subsequent five time points, for each biological replicate, for each treatment. Culture samples
were pelleted in a pre-weighed 1.5 ml eppendorf tube by centrifugation at 3000g for 5 min.
Pellets were frozen before freeze drying for >12h in a Modulyo freeze drier (Edwards, Crawley,
U.K.). Dried samples were weighed to determine the dry cell weight (DCW) and stored at -20°C.
Chlorophyll a, carbohydrate and lipid analysis were conducted in the stored samples using
modified versions of the Wellburn [50], Anthrone [51] and Nile red [52] methods respectively,
as described in Longworth ef al. [6]. In the same manner, chlorophyll a, carbohydrate and lipid
analysis were conducted on the single time point sample collected from the second batch. There

were thus four replicate data sets that were combined for the data analysis.
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2.4 Microscopy

Samples for microscopy were taken from the proteomic experimental set (second batch) at 24 hrs
post resuspension in each treatment condition by centrifugation of 1 mL sample at 3000g for 5
min. After removing 950 puL, the pellet was resuspended in the remaining 50 uL and 10 pL was
then placed on a glass slide with a cover slip on top. Visualization was done on an Olympus
BX51 microscope (Olympus, Southend-on-Sea, U.K.) and images captured by using ProgRes

CapturePro 2.6 (PandA, Berkshire, U.K.).

2.5 Proteomic sampling and processing

At 24 h after starting the treatments, two 50 mL aliquots were taken in each biological replicate
and centrifuged at 3000 g for 10 min at 4 °C, then resuspended in 1 mL 500 mM
triethylammonium bicarbonate buffer (TEAB) (pH 8.5) and transferred to protein low bind tubes.
Samples were then stored at -20 °C till all harvests were completed. Protein extraction was
achieved by liquid nitrogen grinding. Stored cell samples were resuspended with 500 pL 500mM
TEAB (pH 8.5). Samples were immersed in a cooled sonication water bath for 5 min and
subsequently ground using a mortar and pestle cooled by liquid nitrogen. Samples were then
collected into a fresh protein low bind tube (Eppendorf, U.K.) and then immersed in a cooled
sonication water bath for a further 5 min and sonicated for two cycles with a Micro tip Branson
sonifier (Enerson, Danbury, CT, USA). Subsequently, samples were centrifuged at 18,000g for
30 min at 4 °C to separate the soluble and insoluble fractions. After quantifying using RCDC
(BioRad, U.S.A), 100 pg of protein was acetone-precipitated before being resuspended in 30 pl
500 mM TEAB (pH 8.5) with 0.1% sodium dodecyl sulphate. Proteomic samples were then
reduced, alkylated, digested and labelled with the 8-plex iTRAQ reagents (AB Sciex,

Framingham, MA, USA), as described in the manufacturer’s protocol. To assess the proteomic
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changes occurring within P. tricornutum under nitrogen stress an 8-plex iTRAQ experiment was
designed. iTRAQ labels 114, 113 and 119 were used for nitrogen replete biological triplicate
cultures and 116, 117 and 118 for nitrogen depleted biological triplicate ones. Note that labels
115 and 121 were intended for analyzing the samples from a silicon stress experiment. However,
silicon was not effectively depleted and thus these proteomic results were incorporated into the

nitrogen replete ones.

2.6 Off line HPLC fractionation and clean-up

High-resolution hydrophilic interaction chromatography (HILIC) was carried out using an
Agilent 100-series HPLC (Agilent, Wokingham, UK). One iTRAQ Ilabelled sample was
resuspended in 100 pl buffer A (10 mM ammonium formate, 90% ACN, pH 3 (adjusted with
formic acid (FA)). The resuspended sample was loaded onto PolyHydroxyethyl A column, 5 um
particle size, 20 cm length, 2.1 mm diameter, 200 A pore size (PolyLC, Columbia, MD, USA).
With a flow of 0.5 ml min™" buffer A was exchanged with buffer B (10 mM ammonium formate,
10% ACN, pH 4 (adjusted with (FA)) to form a linear gradient as follows: 0% B (0-5 min), 0-
15% B (5-7 min), 15% B (7-10 min), 15-60% B (10-50 min), 60-100%B (50-55 min), 100%B
(55-65 min), 0%B (65-75 min). Fractions were collected every minute from 18 min through to
41 min followed by three, 3 min fractions to 50 min. The fractions were vacuum centrifuged,
before being cleaned up using C18 UltraMicroSpin Columns (Nest, Southborough, MA, USA)

according to the manufacturer’s guidelines

2.7 LC-MS/MS
RPLC-MS was conducted using an Ultimate 3000 HPLC (Dionex, Sunnyvale, CA, USA)

coupled to a QStar XL Hybrid ESI Quadrupole time-of-flight tandem mass spectrometer
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(Applied Biosystems (now ABSciex), Framingham, MA, USA). Samples were resuspended in
20 pl buffer A (3% ACN, 0.1% FA) before loading 9 pl onto a Acclaim PepMap 100 C18
column, 3 um particle size, 15 cm length, 75 um diameter, 100 A pore size (Dionex, Sunnyvale,
CA, USA). With a flow of 300 pl min”, buffer A was exchanged with buffer B (97% ACN,
0.1% FA) to form a linear gradient as follows: 3% B (0-5 min), 3-35% B (5-95 min), 35-90% B
(95-97 min), 90% B (97-102 min), 3% B (102-130 min). The mass detector range was set to 350-
1800 m/z and operated in the positive ion mode saving data in centroid mode. Peptides with +2,
+3, and +4 were selected for fragmentation. The remaining sample was subsequently injected in

the same manner to acquire two RPLC-MS runs for each submitted fraction.

2.8 Data analysis

Proteomic identifications were conducted using Mascot, Ommsa, X!Tandem, Phenyx, Peaks and
ProteinPilot for searching against the Uniprot reference proteome for Phaeodactylum
tricornutum (Uniprot id 10,465). Each search was conducted with a decoy database formed using
reversed sequences (Mascot, Ommsa, X!Tandem and ProteinPilot) or randomized sequence
(Phenyx and Peaks). Searches were restricted to a peptide false discovery rate (FDR) of 3% prior
to decoy hits being removed and peptide spectral matches from the six search engines being
merged using an R based script that was also used to remove those showing disagreement in
terms of peptide assignment or protein identification between the search engines. Where protein
groups were clustered, such as with Mascot, the most common identification between the search
engines was selected. Separately, for quantification, the reporter ion intensities for each peptide
spectral match (PSM) were extracted and matched to the merged results. Thus only reporter ion
intensities from PSM’s matched by the above merging contributed to the protein reporter ion

intensities, each PSM match having equal weighting whether identified by single or multiple

10
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search engines. Variance stabilization normalization, isotopic correction and median correction
were performed on the label intensities before averaging by protein and performing a t-test
between replicate conditions to determine significance and fold change. (Supporting Information
Figure S1)

KEGG analysis was derived using the KEGG “Search&Color Pathway” tool.[53] Proteins with a
significant (p-value < 0.05) positive fold change were labelled with ““blue” whilst proteins with

a significant (p-value< 0.05) negative fold “red”.

Gene ontology (GO) annotations were identified using the functional annotation tool DAVID
[54,55]. The GO terms were then grouped into biological concepts as shown in Supporting
Information Table S1. To determine the relative change, the number of proteins identified as
increasing within a class was divided by the number of proteins identified as decreasing with the
change being log transformed (base 10). This provides an observation of the relative change

observed in each species balanced on 0 for each grouping of GO terms.

3. Results and discussion

3.1 Biochemical characterization under nitrogen stress

The assessment of P. tricornutum biochemical changes under the exclusive influence of nitrogen
deprivation is shown in Figure 1. Here, the ratio of the relative biomass normalized response of
the variables under nitrogen depletion with respect to the control (nitrogen replete scenario) can
be studied. As can be seen from the plot, both carbohydrates and lipids are produced at higher
levels under nitrogen depleted conditions compared to the replete scenario, in the initial stages of
the exposure. The carbohydrate levels peak initially (at 12 h post incubation) reaching a

maximum of 3 fold increase under nitrogen depleted condition. Neutral lipid levels are

11
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significantly higher in relative terms at all times, and peak latter than carbohydrates, at 24 h. This
initial increase in carbohydrates followed by increase in lipids is as was observed in C.
reinhardtii under nitrogen stress [6]. As can be seen from the upper panel of the figure, the ratio
of Chlorophyll A response decreased rapidly over the first 24 hours. This was confirmed by the
visible decrease in chloroplast content in the nitrogen depleted treatment as observed under the

microscope (Figure 2).

Considering the results observed in Figure 1 and in order to investigate changes in the proteome
associated with the lipid accumulation, a sampling point of 24 h post resuspension in nitrogen
free medium was chosen for conducting the proteomics analysis. The chosen time point is one
where the lipids were being accumulated at a rate higher than in the control condition, but one
where the relative carbohydrate accumulations were minimal, suggesting a switch in resources
from carbohydrate accumulation to lipid accumulation. A snapshot of metabolism at this time
point can be considered to reflect changes that are more relevant to lipid accumulation than those

attributable to carbohydrate accumulation.

3.2 Biochemical analysis of proteomic culture setting

To ensure culture comparability to the biochemical profile data set, samples for biochemical and
microscopy analysis were also taken along with those for proteomic analysis at 24 hrs post
resuspension. A #-test showed a statistically significant (p-value< 0.05) increase in carbohydrates
and lipids when cultures were under nitrogen stress for 24 h. Conversely, pigmentation showed a
significant reduction in the nitrogen depleted treatment (Supporting Information Figure S2).
Concurrent with proteomics and biochemical analysis, 1 ml of culture was also prepared for

microscopy (Figure 2). The nitrogen stressed cells were observed to have reduced pigmentation,

12
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which is in accordance with the observations made for the Chlorophyll ¢ and Carotenoids

concentration (Supporting Information Figure S2).

3.3 Overview of proteomic data

Within the proteome dataset, 23,544 spectra were matched to peptide and protein without
disagreement amongst the six search engines, each of which were limited to a false discovery
rate of 3% at the peptide level. The derived PSM list represented 7777 unique sequences
matched to 1761 proteins of which 1043 had two or more unique peptides (Supporting
Information Table S2). To assess sample arrangement, hierarchal clustering and principal
component analysis (Supporting Information Figure S3) was performed on the merged PSM list.
From this analysis, it can be seen that the nitrogen stress replicates cluster apart from the replete
cultures and is responsible for >80% of the variation between the samples. The list of PSM(s)
was then processed to provide the degree and significance of the change between the two
treatments (Supporting Information Table S3). Between the nitrogen replete and deplete
conditions, 645 significant changes (Figure 3) were observed (p < 0.05), which corresponds to
62% of the confidently identified proteins. Though double that observed by Ge et al (29% [42])
this high level of statistically significant change is comparable with other studies of nitrogen
stress in algae (53% [6] and 33% [9] for C. reinhardtii, 57% [27] for Chlorella vulgaris). For
biological description two sets of statistically significant proteins were used. The 645 changes
identified as showing a significant difference (p < 0.05) were used for pathway and gene
ontology analysis, which requires deduction of hypotheses based on protein clusters rather than
individual observations. A more stringent significance level (p < 0.01) comprising of 498

differences was used for direct hypothesis derivation in Table 1.
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3.4 Resourcing of internal nitrogen, scavenging and the reduction of lipid degradation

Significant changes (p < 0.05) between nitrogen replete and deplete conditions were used to
colour KEGG maps. The overall map of the metabolism is shown in Figure 4 (specific pathway
maps grouped by concept are shown in Supplementary Information Figure S5-10). Given limited
annotation of KEGG available for P. tricornutum, the most significant changes were further
investigated individually. Within the dataset, the abundance of 498 confidently identified
proteins (>2 unique peptides) was significantly (p < 0.01) altered. These were matched to protein
names using UniProt. Discounting those described as ‘Predicted Protein’ or ‘Predicted protein
(Fragment)’ 193 identifications with descriptive names were grouped using the protein name and
information provided on the UniProt entry page (Table 1). Both KEGG and individual analysis
showed significant trends in the reorganization of P. tricornutum proteome under nitrogen stress,
mostly towards maximizing the use of the remaining nitrogen. Among others, those pathways
involved in increasing the availability of the intracellular nitrogen and minimising its loss were

favoured.

Amino acid synthesis was reorganized between the different families, as is suggested by the
decrease in the synthesis of the families of the aromatic-like, aspartate-like and pyruvate-like
amino acids (Supporting Information Figures S6 and Table 1). There was, however, observation
of an increase in serine tRNA, suggesting that whilst decreased in general, proteins associated
with some amino acid synthesis may have increased. In contrast to previous reports that suggest
a general decrease of amino acid synthesis in P. tricornutum [45], grouping the amino acid
production based on their type (e.g. aromatic and hydrophobicity) did not reveal any meaningful
trend. The ample coverage of the decrease of ribosomal proteins (Supporting Information

Figures S5 and Table 1) confirmed the reduction of protein synthesis associated with nitrogen
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stress that has been reported previously [34,56]. This would be linked to the cellular need to
economize the use of the available nitrogen. Given the nature of the stress condition, it was also
expected that nitrogen scavenging would be strongly promoted within the cell as a way of
supplying nitrogen demands. In this sense, focusing on the nitrogen metabolism pathway,
proteins with greater abundance in the nitrogen depleted treatment included aliphatic amidase
and formidase, both of which are known to free ammonia from other macromolecular
compounds (Table 1) [57]. Conversely, nitrate reductase, responsible for converting the available
nitrate in the medium to nitrite in the initial step of nitrate assimilation, was decreased,
contrasting with recent studies in P. tricornutum [22], likely due to the fact that in these studies
the effect of nitrogen limitation rather than nitrogen starvation was addressed. Similar down-
regulation has been reported for the diatom 7. pseudonana under nitrogen starvation and iron
stress [38,58] that also coincided with an increase of the enzyme urease in the former, matching
the increased abundance of the urea transporter found in this study. The possession of a complete
urea cycle by the diatoms has been suggested to be a way of increasing the efficiency of nitrogen
re-assimilation from catabolic processes [22,59]. An increased abundance of the proteins
involved has been reported to be linked to the increase in the glycolytic pathway of P.
tricornutum facing nitrogen deprivation [60]. In conclusion, this increase in nitrogen scavenging
when seen with the reduction in the nitrogen assimilation enzyme suggests a more active rather

than a passive response to the nitrogen stress focused on intracellular nitrogen recycling.

The possession of this active nitrogen scavenging strategy might also be demonstrated by the
increases in proteasome proteins and the changes of endocytosis and phagosome. KEGG analysis
showed an increase in ‘Endocytosis’ and ‘Phagosome’ activity under nitrogen stress (Supporting

Information Figure S10). Such increases in phagosomal activity have previously been reported
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for other algae under nitrogen stress, for example in Bihan et al’s proteomic study on
Ostreococcus tauri [61], This would suggest a scavenging response of microalgae under nitrogen
deprivation. In this sense, when facing reduced nitrogen availability, P. tricornutum cells might
enhance the intake and processing of extracellular debris and perhaps attempts to consume other
organisms such as bacteria to obtain additional nitrogen supplies. Thus, nitrogen stress could be
suggested to induce phagotrophy [62,63], In addition to external nitrogen retrieval, many of the
proteins associated with endocytosis and phagocytosis have been reported to be similarly
involved in autophagy [64,65]. Transcriptional evidence of a link between nitrogen stress and

autophagy induction has been previously shown in the chlorophyta Neochloris [66].

Pathways associated with fatty acid metabolism were also significantly changed under nitrogen
stress, coinciding with the previously described enhancement in the lipid content (Supporting
Information Figure S9 and Table 1). Increases in KEGG pathways included ‘biosynthesis of
unsaturated fatty acids’, ‘fatty acid biosynthesis’ and “short chain fatty acids”; and a relative
decrease was observed in ‘fatty acid elongation’ and ‘fatty acid metabolism’. Coinciding with
previous reports,[34,42] individual protein changes also displayed an active dynamism of the
proteome involved in this metabolic pathway, implying an increased abundance of enzymes key
to lipid biosynthesis, such as acyl-carrier proteins and malonyl-CoA:ACP transacyclase.
Additionally, a decrease in fatty acid catabolism related proteins was found, suggesting that a
down-regulation in the degradation of fatty acids might be a key metabolic route for explaining
lipid accumulation under nitrogen stress conditions. These results have been shown previously
[6,66,67] and are supported by recent reports of the preservation of existing triacylglyderides
after nitrogen stress situations [68]. Similar dynamism of the proteins related to the fatty acid

synthesis and degradation has been reported previously for Chlorophyta [6,28,66]. These results
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contradict those shown by the transcriptomic study conducted in P. tricornutum by Valenzuela et
al. [21], highlighting the inappropriateness of using transcriptomic data to infer proteomic
changes, as has been previously reported [24-26]. The discord between these findings might
suggest a translational control for proteins associated with fatty acid biosynthesis and

degradation that would not be necessarily reflected at the transcriptomic level.

3.5 Preference of the central energy metabolism over photosynthetic pathways.

The photosynthetic pathway was significantly down-regulated under nitrogen stress in P.
tricornutum, as observed by a decrease in the relative abundance of the most important enzyme
in the carbon fixation pathway (RuBISCO), and the general decreased abundance of key proteins
of photosynthesis such as the light harvesting proteins and the photosynthetic electron transport
system (e.g., fucoxanthin chlorophyll a/c, ATP synthase, PSI, PSII and cytochrome c, Table 1).
This observation matches a similar trend detected by the KEGG analysis (Supporting
information S8) and the decrease in pigment content described previously (Figure 1). Further, it
is in agreement with previous studies both in P. tricornutum and other algae, supporting ample
evidence on the close linkage between carbon and nitrogen metabolism [6,9,38,45]. Such
degradation of the photosynthetic pathway would be due to the fact that photosynthetic proteins
(including pigments such as chlorophyll @) have a high content of nitrogen, and therefore, under
conditions of nitrogen scarcity, cells tend to actively down-regulate their synthesis in order to
preserve the little nitrogen that is left and to divert it to the synthesis of those proteins that are

essential for cell maintenance [6,56].

The reorganization of the proteome under nitrogen starvation would also have an impact on the

central energy metabolism. Acetyl CoA plays an important role in the carbon partitioning for oil
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accumulation within the cell, and therefore, metabolic pathways would be redirected to increase
of the availability of this metabolite in the cell. In addition, fatty acid synthesis requires high
levels of ATP and NADPH that would be generated through a switch from a gluconeogenic to a
glycolytic metabolism. In this sense, in our study an increased abundance of those proteins
involved in the Kreb’s cycle, the glycolysis and the oxidative pentose phosphate pathways were
observed. Conversely, those enzymes regulating the glycolytic and the gluconeogenic pathways
reported decreased abundance(Table 1 and Supporting information S7), confirming previous

reports for diatoms and cyanobacteria under nitrogen stress [20,22,38,42,45,69].

Finally, nine proteins with antioxidant properties were increased under nitrogen stress,
suggesting a change in the concentration of reactive oxygen species (ROS) within the cellular
environment (Table 1). An increase in ROS has been reported to be a major source of cellular
damage under abiotic and biotic stresses in plants [70]. Specifically, ROS increases under
nitrogen starvation conditions are closely linked with the malfunctioning of the photosynthetic
pathway. Nitrogen uptake and metabolism require reducing equivalent power and ATP that
under nitrogen deprived conditions tend to accumulate, causing metabolic imbalance and leading
to the generation of oxidative stress. Nitrogen is also required for the synthesis of photosynthetic
proteins, especially light harvesting proteins, and, as has been explained before, its lack tends to
slow-down the electron flow through the photosynthetic apparatus, in turn causing the
production of more ROS. Therefore, it can be hypothesized that the observed increase in
antioxidant proteins is a mechanism used by P. tricornutum to limit this oxidative stress damage,
as has been reported for algae facing other or similar stressful conditions [38,45,71]. Another
indication of the stress to which P. tricornutum was subjected to under nitrogen starvation is the

increased anundanceof the heat-shock protein HSP20. Heat shock protein expression has been
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reported to be triggered in microalgae growing under stressful conditions [71], including
nitrogen stresses [45]. However, it is also interesting that, while HSP20 was increased, other heat
shock proteins, which have also been described to be present in stress responses, showed an

opposite pattern, suggesting their possible differential role in the cell.

3.6 Comparison of the response of P. tricornutum and C. reinhardtii

To investigate differences in the proteome response under nitrogen stress between very different
microalgae taxonomic affiliations such as Bacillariophyceae and Chlorophyceae, the results
obtained in this study for P. tricornutum and the published earlier work of ours for C. reinhardtii
[6] were compared. Although there were differences in terms of sampling time points and culture
conditions between the studies, both were conducted under active increase of cellular lipid
content and thus this comparison is of interest. As far as we know this is the first study aiming at
such comparison under situations of nitrogen starvation. Observing the changes in the GO
groupings did not show any strong unidirectional change between the two species, however

observation of the relative changes in proteins captured showed some differences (Figure 5).

The direction of the protein abundance change in the number of proteins was the same for both
species with two exceptions, those proteins that are involved in energy metabolism and protein
degradation. Both showed increases in C. reinhardtii and decreases in P. tricornutum. P.
tricornutum also demonstrated more consistent protein abundance changes involved in
photosynthesis, pigment metabolism, carbohydrates metabolism, central energy metabolism and
glycolysis than C. reinhardtii; suggesting that the reorganization of the proteome in this species

towards these metabolic pathways was more important.
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Of special note is the markedly larger number of proteins involved in the photosynthetic pathway
that were reduced in abundance in P. tricornutum. This might be due to the differences in the
photosynthetic machinery between both species in terms of energy dissipation pathways and
photosynthetic components of the electron transport system. Accessory pigments are very
important in diatoms for dissipating excess energy due to the photosynthetic activity and, given
their high nitrogen content, tend to be scavenged very early in the onset of nitrogen starvation
[56]. The larger number of proteins with increased abundance in central energy metabolism,
mainly the GO terms acetyl-CoA and acyl-CoA metabolic processes (Supporting Information
Table S1), and glycolysis in P. tricornutum also suggest the relevance of these pathways in the
cellular response to nitrogen starvation. These are likely involved in increasing the availability of
the acetyl-CoA, chemical energy and reductant power required for lipid biosynthesis (see more
details above). The relative higher increase of glycolysis and carbohydrate catabolism also
might indicate that P. tricornutum tends to mobilize carbon stores rather than increase them

under nitrogen scarcity, as has been previously reported [38].

Conversely, C. reinhardtii had more proteins regulated that relate to cellular homeostasis,
respiration, phosphorous metabolism, DNA metabolism and cell organization compared to P.
tricornutum;, of practical note are the relatively large number of proteins involved in respiration
and cellular organization. In our previous work [6] C. reinhardtii was grown in the presence of
organic carbon and the observed higher number of respiratory proteins could be explained by the
diversion of the metabolism towards heterotrophy as a consequence of the compromise of the
photosynthetic pathway in conditions of nitrogen scarcity. This switch from photoheterotrophic
to heterotrophic metabolism has been described before for this species under conditions of Iron

deprivation [72]. The respiratory pathway would be used for generating chemical energy and
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reductant power needed for lipid biosynthesis. Induction of gametogenesis in C. reinhardtii
under nitrogen stress has been reported [73], and the active increased abundance of cellular
organization proteins (mainly cytoskeletal proteins - personal comment by the authors) observed

here might play an important role in such physiological response.

Finally, C. reinhardtii seemed to be more susceptible than P. tricornutum to the oxidative stress
caused by nitrogen starvation, as suggested by the observed relatively higher number of
oxidative stress proteins. Oxidative stress increase in microalgae under nitrogen starvation
conditions has been described widely in the past [38,45,70,71], and has been related to the
damage of the photosynthetic electron system proteins due to the nitrogen scarcity. However, the
results of our comparison would suggest that there would be differences in both species in the
way they counteract the oxidative stress damage, with a higher protein response in C. reinhardtii
that might be associated to a different source of oxidative stress. While P. tricornutum remained
photoautotrophic when growing under nitrogen starvation and therefore mostly the oxidative
stress was caused by an inefficient functioning of the photosynthetic pathway and the
xanthophyll cycle, C. reinhardtii growth conditions were mixotrophic (acetate as a source of
organic Carbon) and in conditions of Nitrogen starvation would switch towards a heterotrophic
growth and the oxidative stress associated to the increase in respiration would be added to that

caused by the damaged photosynthetic pathway.

It must be noted that the above comparison is not comprehensive, taking into consideration all
the relevant physiological and biological differences between the organisms and cultivation
conditions. Nevertheless, it provides vital clues that will enable us to explore and develop a
better understanding of microalgal metabolism needed for developing viable strategies for

bioenergy generation.
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4. Conclusions

In the present study, the biochemical and proteomic changes associated with nitrogen starvation
as a trigger for enhancing lipid production was addressed in P. tricornutum and compared with
those previously described for C. reinhardtii. From biochemical analysis, it can be concluded
that nitrogen stress increases energy storage molecules in P. tricornutum. This increase would be
coupled with a decrease in photosynthetic pigments. We examined the proteome at an earlier
stage of exposure to exclusive nitrogen starvation than has been reported, but at a time point
when changes attributable to lipid accumulation can be captured in preference to those due to
carbohydrate accumulation. Through the use of an iTRAQ methodology, 1,043 proteins were
confidently identified, of which 645 were shown to be significantly altered abundance under
nitrogen stress. This represents a 17-fold increase with respect to the number of proteins detected
in previous nitrogen stress assessments of P. tricornutum, and as such provides greater

understanding of the effects of nitrogen stress in this model diatom species.

The extent to which the proteome changes in response to nitrogen stress has been demonstrated
to be >60%, with over 60% of the confidently identified proteins being significantly changed (p-
value< 0.05) in abundance. Several patterns of response have been identified within the
proteome highlighting increased scavenging of nitrogen and the reduction of lipid degradation,

as well as stimulation of central energy metabolism in preference to photosynthetic pathways.

The GO comparison of P. tricornutum and C. reinhardtii conducted here highlights important
differences in the degree of protein investment amongst the different metabolic pathways. In this
sense, under nitrogen starvation, whilst P. tricornutum might reorganize its proteome by largely

decreasing the number of photosynthetic proteins and increasing the ones involved in central
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490  energy metabolism, C. reinhardtii appears to invest in cellular reorganization, respiration and

491  oxidative stress response.
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Figure 1. Ratio of biomass normalized biochemical responses under nitrogen deplete (N-)
compared to nitrogen replete (N+) condition; lipids by Nile red fluorescence (lower panel),
carbohydrates (lower panel); and chlorophyll A (upper panel). The lipid response in N- condition
(upper panel) is the Nile-red fluorescence response that is normalized to the maximum observed
for the condition. Error bars refer to standard error about the mean of the four biological
replicates. The block arrow at 24h, in the upper panel, indicates the sampling point for

proteomics.

24



Nitrogen Replete Nitrogen Deplete

500

501  Figure 2. Microscope images at 100x magnification of P. tricornutum 24h after transfer to test

502  conditions.
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505  Figure 3. Volcano plot of proteins identified showing fold change and statistical significance of
506  change. Significant changes to a p-value<0.05 are indicated by red *. The p-value cut-off of 0.01

507  and 0.1 are indicated by a dotted and solid line respectively.

508 |

509  Figure 4. Metabolic pathway diagram from KEGG. showing proteins with significant (p-value< 0.05)

510  increase or decrease in abundance in blue and red respectively.
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512 Figure 5. Comparison of proteomic response in P. tricornutum and C. reinhardtii. The relative
513  change within each GO grouping between the number of proteins assigned with increased and

514  decreased abundances are shown.
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Table 1. Table of all significant (p < 0.01) changes observed omitting “Predicted Proteins”. Each

protein is reported with its Uniprot ID, Descriptive name, Number of unique peptides and fold

change observed under nitrogen stress. Positive fold changes are shown in bold.

Uniprot ID

B7GEJ6
B7G5H9
B7GBH2

B7G3A2

B7FUP6
B7FRJ9

B7FT14
B7G2T9
B7FS76
B7G117
B7FT50
B7G5Z8
B7FZB0

A0TOC9
AO0TOD1

AO0TOF1

AOTOE9
AOTOE8
AO0TOD2
AOTOFO
AOTOA3

B7FSN7
B7G316

Q41093
AOTOBS
B7FZ96
AOTOBY

AOTOM1
AO0TOMO6

A0T096
A0TOB2

A0T097
AOTOHS5

AO0TOGY
B7FZL9
B7FRW2

Protein Name

Hydrophilic Amino Acid Synthesis
Acetylornithine aminotransferase

Aspartokinase

Delta l-pyrroline-5-carboxylate
synthetase

Diaminopimelate decarboxylase
Hydrophobic Amino Acid Synthesis
2-isopropylmalate synthase
3-deoxy-7-phosphoheptulonate
synthase

Adenosylhomocysteinasee
Carboxy-lyase

Chorismate synthase
O-acetylhomoserine

Other Amino Acid Synthesis
Asparagine synthetasee

Glycine decarboxylase p-protein
Synthase of glutamate synthase
Photosynthesis

Apocytochrome f

ATP synthase epsilon chain,
chloroplastic

ATP synthase subunit alpha,
chloroplastic

ATP synthase subunit b, chloroplastic
ATP synthase subunit b', chloroplastic
ATP synthase subunit beta,
chloroplastic

ATP synthase subunit delta,
chloroplastic

Cytochrome b559 subunit alpha (PSII
reaction center subunit V)
Delta-aminolevulinic acid dehydratase
Fucoxanthin chlorophyll a/c protein,
deviant

Fucoxanthin-chlorophyll a-c binding
protein E, chloroplastic
Magnesium-chelatase subunit I
Oxygen-evolving enhancer protein 1
Photosystem I ferredoxin-binding
protein

Photosystem I protein F
Photosystem I reaction center subunit
XI

Photosystem I CP43 chlorophyll
apoprotein

Photosystem I CP47 chlorophyll
apoprotein

Photosystem II D2 protein
Photosystem II reaction center psb28
protein

Photosystem Q(B) protein

Phytoene dehydrogenase

Protein fucoxanthin chlorophyl a/c

# Peptides

[NSEEN]

o]

11

16

28

15

17

Fold Change

-1.55
-1.69

-2.36
-1.27
1.27
-1.22
1.53
-1.63
1.33

-1.91
-1.84

-2.18
-2.89
-2.80
-2.37
-2.26
-2.73

-1.27
-1.71

-1.65
-2.42
-1.35
-1.48

-1.54
-1.78

-2.49

-3.15

-2.69
1.78

-1.85
-1.67
-1.53

B7FQE0
B7FQEl
B7FR60
B7FRW4
B7FV42
B7G6Y1
B7G955
B7GCV9
B5Y3F4

B7GDU9
B7FUT6
B7FUR6

QYTKS52

AOTOE2

B7FXB6
B5Y3C9
Q8GTBS

B5Y578
B7FRCI
QYM7R3

Q84XB5
B7GDK9
B7G6TS

B7G518

B7FYD8
B7GO0K7
B7G9G3
B7FYT9
B7GCGY

B7GEI2
B7G492
B7GEF2
B7GOM9

B7FZE1

F1SXA3

B7FZG7
Q2TSWS
Q2TSW9
Q2TSX0
B5Y5N6
B7GA40

B7FUUO
B7G5R3
B7FT67

Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protein fucoxanthin chlorophyl a/c
Protoporphyrin IX magnesium
chelatase, subunit H
Protoporphyrinogen oxidase
Uroporphyrinogen decarboxylase
Violaxanthin deepoxidase

Carbon Fixation

Ribulose bisphosphate carboxylase
large chain
Ribulose-1,5-bisphosphate
carboxylase/oxygenase small subunit
Energy Metabolism
6-phosphogluconate dehydrogenase,
decarboxylating

Cytochrome b6-f complex iron-sulfur
subunit

Cytochrome c6 (Precursor
cytochrome c6)

Cytochrome c6, cytochrome ¢553
Cytosolic aldolase

Cytosolic glyceraldehyde-3-phosphate
dehydrogenase
Fructose-1,6-bisphosphate aldolase
Glucose-6-phosphate isomerase
Glutamine-fructose-6-phosphate
transaminase

Isocitrate lyase

Kinase adenylate kinase

Ligase succinate-coa ligase
Lipoamide dehydrogenase

Malate synthase

PFP pyrophosphate dependent
phosphofructokinase
Phosphoglycerate mutase
Phosphomannose mutase

Plastidic enolase

Precursor of ATPase ATPase gamma
subunit

Precursor of dehydrogenase pyruvate
dehydrogenase E1, alpha and beta
subunits

Putative phosphoenolpyruvate
carboxykinase

Pyruvate kinase

Pyruvate kinase

Pyruvate kinase

Pyruvate kinase

Succinate dehydrogenase flavoprotein
Succinate dehydrogenase iron sulfur
protein

Transketolase

Transketolase

Triosephosphate isomerase

AW W WA WA A

-1.40
-1.63
1.87

-1.49
-1.77
-1.85
-1.72
3.13

-2.14

-1.65
-2.19
1.56

-2.33

-1.92

1.43
1.90
1.89

1.42
1.50
1.61

-1.90
-1.53
1.58
1.19
-1.41
1.58

1.87
1.66
1.20
-1.58

1.62

1.40
-1.25
1.37
1.34
1.66
2.59

-1.37

1.58
1.42

28



B7G3Cl1

B7G1R8
B7GCMO0

B7G7HS
AOTOFS

B7FRX6
B7G3D4
Q2TSX2
E6Y9B3

B5Y4D9
B7FXX6
B7FW77

B5SYS5R5

B7FP55

B7FPES
B7FR80

A0TO0J8
AOTOB3

B7FU91
Q5D704

AOTOEO
AOTOI5
AOTOJ5
AO0TOKS
AOTOK2
B7FPA1
B7FPM3
B5Y4X4
B7FP80
A0TOC1
A0TOC2
A0TOCO

AO0TOK1
AO0TOI9

AO0TOI6
A0TOC7
AO0TOI1
AO0T0G3
A0TOI4
AOTOH8

AO0TO0J3

Triosephosphate isomerase
Fatty Acid Biosynthesis
3-oxoacyl-[acyl-carrier protein
3-oxoacyl-[acyl-carrier-protein]
synthase

3R-hydroxyacyl-[acyl carrier protein]
dehydrase

Acyl carrier protein

Acyl carrier protein
Malonyl-CoA:ACP transacylase
Mitochondrial glyceraldehyde-3-
phosphate dehydrogenase
Stearoyl-ACP desaturase

Fatty Acid Catabolism

Long chain acyl-CoA synthetase
Long chain acyl-coa synthetase
Peroxisomal 2,4-dienoyl-CoA
reductase

Short chain acyl-coenzyme A
dehydrogenase

Nucleotide Biosynthesis
Inosine-5'-monophosphate
dehydrogenase

Nucleoside diphosphate kinase 1
Nucleoside diphosphate kinase 3
Translation

30S ribosomal protein S13,
chloroplastic

30S ribosomal protein S14,
chloroplastic

30S ribosomal protein S15

30S ribosomal protein S16,
chloroplastic

30S ribosomal protein S2,
chloroplastic

30S ribosomal protein S3,
chloroplastic

30S ribosomal protein S5,
chloroplastic

30S ribosomal protein S7,
chloroplastic

30S ribosomal protein S9,
chloroplastic

40S ribosomal protein S12

40S ribosomal protein S3a

40S ribosomal protein S6

40S ribosomal protein S8

50S ribosomal protein L1,
chloroplastic

50S ribosomal protein L11,
chloroplastic

50S ribosomal protein L12,
chloroplastic

508 ribosomal protein L13

50S ribosomal protein L14,
chloroplastic

508 ribosomal protein L16,
chloroplastic

50S ribosomal protein L19,
chloroplastic

508 ribosomal protein L2,
chloroplastic

508 ribosomal protein L21,
chloroplastic

50S ribosomal protein L22,
chloroplastic

50S ribosomal protein L3,
chloroplastic

508 ribosomal protein L6,
chloroplastic

11
10

NN W

~ N

1.46

1.71
1.51

1.41
1.96
2.00
1.41
1.53
1.48
-1.78
-1.31
-2.03

-1.28

-1.44

1.25
1.55

-1.45

-2.04

-1.82
-1.57

-1.71
-1.66
-1.51
-1.43
-2.56
-1.66
-1.87
-2.28
-1.56
-1.66
-1.45
-1.69

-1.87
-1.42

-2.17

-1.81

-2.03

-1.60

-1.36

-1.92

-1.91

B7G9G2
B7GORS5
B7FTL3
B7FUV3
E9PAI7

B7GAll
B7G0TS8

B7GCT6
B5Y502
B7GAAS

AOTOH6
B7FUB7
B7G5l4

B7GE38
B5Y4H4
B7FQT3
B7FSV6
B7FPA6
B7FZL3

B7G5J3

B7GB02

B7FU90
B7G2F7

B7FY02

B7G8X8
B7GEGS8

B7FYS6
B7G997
B7FZW35

B7G5C0
B7G878
B7FYS56
B7FTS7
B7FUJ2

B7FR39
B7FX68
B7FX66
B7FTP2

B7G384
B7GDYS5
B7GDI2
B7G1J9
B7GOL6
B7FP57
B7G0C9
B7GOPS5
B7G7L6

Q41074

AOTOH7
B7FXQ8
B7GEF7
B7GCE9

B7G5Y2
B7FV10
B754B2
AO0TOF2

B7FQH4
B7FNY6

60S ribosomal protein L13

60S ribosomal protein L18a

60S ribosomal protein L36

60S ribosomal protein L6
Elongation factor Ts, mitochondrial
Elongation factor Tu

Eukaryotic translation initiation factor
3 subunit A

Glutamyl-trna synthase

Ribosomal protein L15

Ribosomal protein L19

Protein Processing

60 kDa chaperonin, chloroplastic
ER luminal binding protein
Importin subunit alpha
Oligosaccharyl transferase
Peptidyl-prolyl cis-trans isomerase
Peptidyl-prolyl cis-trans isomerase
Peptidyl-prolyl cis-trans isomerase
Peptidyl-prolyl cis-trans isomerase
Peptidyl-prolyl cis-trans isomerase
Peptidyl-prolyl cis-trans isomerase
T-complex protein 1 subunit delta
Proteolysis

Proteasome subunit alpha type
Regulatory proteasome non-atpase
subunit 1

Ubiquitin extension protein 3
Nitrogen Metabolism

Aliphatic amidase

CPS 111, carbamoyl-phosphate
synthase mitochondrial

Formidase

Nitrate reductase

Urea transporter

Cytoskeleton / Cellular Transport
Actin/actin like protein
Actin/actin like protein

Coronin

Det3-like protein

Gelosin/severin like protein
Histone

Histone H3

Histone H4

Histone linker H1

N-terminal histone linker H1
Antioxidant

Ascorbate peroxidase
Glutaredoxin

Glyoxalase

L-ascorbate peroxidase
Superoxide dismutase
Thioredoxin

Thioredoxin

Thioredoxin f

Thioredoxin h

Heat Shock Protein

BiP

Chaperone protein dnaK

Heat shock protein Hsp20

Heat shock protein Hsp90

Protein heat shock protein
Miscellaneous

14-3-3-like protein
1-hydroxy-2-methyl-2-

Alcohol dehydrogenase
ATP-dependent zinc metalloprotease
FtsH

Calcyclin-binding protein

Early light induced protein

v N

W WL RN WV W

33

11
10

-1.34
-1.77
-2.08
-1.48
-1.36
-1.62
-1.30

-1.52
-1.62
-1.49

-1.33
-1.45
1.54
-1.26
1.61
1.63
1.59
1.88
1.50
1.55
-1.28

-1.29
-1.39

224
-2.57

2.27
-2.33
2.38

1.70
1.42
1.31
1.54
242

1.29
-2.13
1.51
1.66

2.11
1.96
1.80
1.50
2.22
2.00
243
1.31
2.44

-1.84
-1.40
1.97

-1.42
-1.42

1.64
-1.70
3.30
-1.75

1.56
-1.95
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B7FU89
B7GB73
B7FUG8
B7FWY2
B7FYL2
AOTOES

B7G6D3
B7S4C8

Farnesyltranstransferase

FeS assembly protein suf
Glycolate oxidase
Hydroxymethylbilane synthase
Iron starvation induced protein
Iron-sulfur cluster formation ABC
transporter ATP-binding subunit
Metacaspase

Methionine aminopeptidase

5 -2.13
5 -1.36
10 -1.50
22 -1.84
6 -3.90
5 -1.36
5 1.69
2 -1.39

QSLKVO
B7FQ72
B7FUSS
B5Y5C8

B5Y3S6
B7GEF3

Microsomal cytochrome b5
Mitochondria-targeted chaperonin
P2B, P type ATPase

Short-chain alcohol dehydrogenase
with NAD or NADP as acceptor
Transaldolase

Translocator of the inner chloroplast
envelope membrane 110k

58

5
13

-1.81
-1.30
-1.28
1.65

1.96
-1.63

30



520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536
537
538
539
540
541
542
543
544

ASSOCIATED CONTENT

Figure S1: Flow diagram of data processing. Figure S2: Biochemical analysis of Proteomic

samples. Figure S3: Hierarchal clustering and principal component analysis. Figure S4: Gene

ontology analysis. Figure S5-10 various ‘painted’” KEGG maps. Table S1 Reference table for

Gene ontology groupings. Table S2: Peptide table of six merged search engines. S3: Fold change

and significance table.

AUTHOR INFORMATION

Corresponding Author

*Dr. Seetharaman Vaidyanathan

ChELSI Institute, Advanced Biomanufacturing Centre, Department of Chemical and Biological

Engineering, The University of Sheffield, Mappin Street, Sheffield, S1 3JD, United Kingdom.

The authors declare no competing financial interest.

ACKNOWLEDGMENT

The Authors would like to acknowledge funding from EPSRC (EP/E036252/1) for this research

and the BBSRC (BB/K020633/1) for provision of MHO.

REFERENCES

[1]

2]

[3]

L. Brennan, P. Owende, Biofuels from microalgae—A review of technologies for
production, processing, and extractions of biofuels and co-products, Renewable
and Sustainable Energy Reviews. 14 (2010) 557-577. doi:10.1016/j.rser.2009.10.009.
A. Demirbas, M. Fatih Demirbas, Importance of algae oil as a source of biodiesel,
Energy Conversion and Management. 52 (2011) 163-170.
d0i:10.1016/j.enconman.2010.06.055.

T.M. Mata, A.A. Martins, N.S. Caetano, Microalgae for biodiesel production and
other applications: A review, Renewable and Sustainable Energy Reviews. 14
(2010) 217-232. d0i:10.1016/j.rser.2009.07.020.

31



545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587

[4] M.J. Griffiths, S.T.L.. Harrison, Lipid productivity as a key characteristic for
choosing algal species for biodiesel production, J. Appl. Phycol. 21 (2009) 493—
507. doi:10.1007/s10811-008-9392-7.

[5] D.Y. Lee, J.-J. Park, D.K. Barupal, O. Fiehn, System Response of Metabolic
Networks in Chlamydomonas rewnhardtir to Total Available Ammonium, Mol.
Cell. Proteomics. 11 (2012) 973-988. d0i:10.1074/mcp.M111.016733.

[6] J. Longworth, J. Noirel, J. Pandhal, P.C. Wright, S. Vaidyanathan, HILIC- and
SCX-based quantitative proteomics of Chlamydomonas reinhardiir during
nitrogen starvation induced lipid and carbohydrate accumulation, J. Proteome
Res. 11 (2012) 5959-5971. d0i:10.1021/pr300692t.

[7] H.M. Nguyen, M. Baudet, S. Cuiné, J.-M. Adriano, D. Barthe, E. Billon, C. Bruley,
F. Beisson, G. Peltier, M. Ferro, Y. Li-Beisson, Proteomic profiling of oil bodies
isolated from the unicellular green microalga Chlamydomonas revnhardti: with
focus on proteins involved in lipid metabolism, Proteomics. 11 (2011) 4266—-4273.
d0i:10.1002/pmic.201100114.

[8] H. Wang, S. Alvarez, L.M. Hicks, Comprehensive Comparison of iTRAQ and
Label-free LC-Based Quantitative Proteomics Approaches Using Two
Chlamydomonas rewnhardti Strains of Interest for Biofuels Engineering, J.
Proteome Res. 11 (2011) 487-501. d0i:10.1021/pr2008225.

[9] N. Wase, P.N. Black, B.A. Stanley, C.C. DiRusso, Integrated Quantitative Analysis
of Nitrogen Stress Response in Chlamydomonas reinhardivi Using Metabolite
and Protein Profiling, J. Proteome Res. 13 (2014) 1373-1396.
doi:10.1021/pr400952z.

[10] J.A. Gimpel, E.A. Specht, D.R. Georgianna, S.P. Mayfield, Advances in microalgae
engineering and synthetic biology applications for biofuel production, Curr.
Opin. Chem. Biol. 17 (2013) 489—-495. d0i:10.1016/j.cbpa.2013.03.038.

[11] L. Tirichine, C. Bowler, Decoding algal genomes: tracing back the history of
photosynthetic life on Earth, Plant J. 66 (2011) 45-57. doi:10.1111/j.1365-
313X.2011.04540.x.

[12] U. Maheswari, K. Jabbari, J.-L. Petit, B.M. Porcel, A.E. Allen, J.-P. Cadoret, A. De
Martino, M. Heijde, R. Kaas, J. La Roche, P.J. Lopez, V. Martin-Jézéquel, A.
Meichenin, T. Mock, M. Schnitzler Parker, A. Vardi, E.V. Armbrust, J.
Weissenbach, M. Katinka, C. Bowler, Digital expression profiling of novel
diatom transcripts provides insight into their biological functions, Genome
Biology. 11 (2010). d0i:10.1186/gb-2010-11-8-r85.

[13] J.H. Wilson, The food value of Phaeodactylum tricornutum Bohlin to the larvae
of Ostrea edulis L. and Crassostrea gigas Thunberg, Aquaculture. 13 (1978) 313—
323. d0i:10.1016/0044-8486(78)90178-3.

[14] C. Bowler, A. De Martino, A. Falciatore, Diatom cell division in an
environmental context, Curr. Opin. Plant Biol. 13 (2010) 623-630.
d0i:10.1016/j.pbi.2010.09.014.

[15] P.H. Gleick, M. Palaniappan, Peak water limits to freshwater withdrawal and
use, PNAS. 107 (2010) 11155-11162. d0i:10.1073/pnas.1004812107.

32



588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

[16] M. Song, H. Pei, W. Hu, G. Ma, Evaluation of the potential of 10 microalgal
strains for biodiesel production, Bioresour. Technol. 141 (2013) 245-251.
doi:10.1016/j.biortech.2013.02.024.

[17] E.V. Armbrust, J.A. Berges, C. Bowler, B.R. Green, D. Martinez, N.H. Putnam, S.
Zhou, A.E. Allen, K.E. Apt, M. Bechner, M.A. Brzezinski, B.K. Chaal, A. Chiovitti,
A.K. Davis, M.S. Demarest, J.C. Detter, T. Glavina, D. Goodstein, M.Z. Hadi, U.
Hellsten, M. Hildebrand, B.D. Jenkins, J. Jurka, V.V. Kapitonov, N. Kroger,
W.W.Y. Lau, T.W. Lane, F.W. Larimer, J.C. Lippmeier, S. Lucas, M. Medina, A.
Montsant, M. Obornik, M.S. Parker, B. Palenik, G.J. Pazour, P.M. Richardson, T.A.
Rynearson, M.A. Saito, D.C. Schwartz, K. Thamatrakoln, K. Valentin, A. Vardi,
F.P. Wilkerson, D.S. Rokhsar, The Genome of the Diatom Thalasstosira
Pseudonana: Ecology, Evolution, and Metabolism, Science. 306 (2004) 79-86.
do0i:10.1126/science.1101156.

[18] M. Hildebrand, A.K. Davis, S.R. Smith, J.C. Traller, R. Abbriano, The place of
diatoms in the biofuels industry, Biofuels. 3 (2012) 221-240. d0i:10.4155/bfs.11.157.

[19] H.L. Osborn, S.E. Hook, Using transcriptomic profiles in the diatom
Phaeodactylum tricornutum to identify and prioritize stressors, Aquat. Toxicol.
138-139 (2013) 12-25. doi:10.1016/j.aquatox.2013.04.002.

[20] Z.-K. Yang, Y.-F. Niu, Y.-H. Ma, J. Xue, M.-H. Zhang, W.-D. Yang, J.-S. Liu, S.-H. Lu,
Y. Guan, H.-Y. Li, Molecular and cellular mechanisms of neutral lipid
accumulation in diatom following nitrogen deprivation, Biotechnol. Biofuels. 6
(2013). d0i:10.1186/1754-6834-6-67.

[21] J. Valenzuela, A. Mazurie, R.P. Carlson, R. Gerlach, K.E. Cooksey, B.M. Peyton,
M.W. Fields, Potential role of multiple carbon fixation pathways during lipid
accumulation in Phaeodactylum tricornutum, Biotechnol. Biofuels. 5 (2012) 40.
do0i:10.1186/1754-6834-5-40.

[22] O. Levitan, J. Dinamarca, E. Zelzion, D.S. Lun, L.T. Guerra, M.K. Kim, J. Kim,
B.A.S. Van Mooy, D. Bhattacharya, P.G. Falkowski, Remodeling of intermediate
metabolism in the diatom Phaeodactylum tricornutum under nitrogen stress,
Proc. Natl. Acad. Sci. U.S.A. 112 (2015) 412—417. d0i:10.1073/pnas.1419818112.

[23] B. Schwanhé&usser, D. Busse, N. Li, G. Dittmar, J. Schuchhardt, J. Wolf, W. Chen,
M. Selbach, Global quantification of mammalian gene expression control,
Nature. 473 (2011) 337—342. d0i:10.1038/naturel0098.

[24] EJ. Foss, D. Radulovic, S.A. Shaffer, D.R. Goodlett, L. Kruglyak, A. Bedalov,
Genetic variation shapes protein networks mainly through non-transcriptional
mechanisms, PLoS Biol. 9 (2011) e1001144. d0i:10.1371/journal.pbio.1001144.

[25] S. Rogers, M. Girolami, W. Kolch, K.M. Waters, T. Liu, B. Thrall, S.H. Wiley,
Investigating the correspondence between transcriptomic and proteomic
expression profiles using coupled cluster models, Bioinformatics. 24 (2008)
2894-2900.

[26] S.T. Dyhrman, B.D. Jenkins, T.A. Rynearson, M.A. Saito, M.L. Mercier, H.
Alexander, L.P. Whitney, A. Drzewianowski, V.V. Bulygin, E.M. Bertrand, Z. Wu,
C. Benitez-Nelson, A. Heithoff, The Transcriptome and Proteome of the Diatom

33



631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674

Thalasstosira pseudonana Reveal a Diverse Phosphorus Stress Response, PLoS
ONE. 7 (2012) e33768. d0i:10.1371/journal.pone.0033768.

[27] M.T. Guarnieri, A. Nag, S. Yang, P.T. Pienkos, Proteomic analysis of Chlorella
vulgaris: potential targets for enhanced lipid accumulation, J. Proteomics. 93
(2013) 245-253. d0i:10.1016/j.jprot.2013.05.025.

[28] M.T. Guarnieri, A. Nag, S.L. Smolinski, A. Darzins, M. Seibert, P.T. Pienkos,
Examination of Triacylglycerol Biosynthetic Pathways via De Novo
Transcriptomic and Proteomic Analyses in an Unsequenced Microalga, PLoS
ONE. 6 (2011) e25851. doi:10.1371/journal.pone.0025851.

[29] A. Jamers, R. Blust, W. De Coen, Omics in algae: Paving the way for a systems
biological understanding of algal stress phenomena?, Aquat. Toxicol. 92 (2009)
114-121. d0i:10.1016/j.aquatox.2009.02.012.

[30] B. Lee, G.-G. Choi, Y.-E. Choi, M. Sung, M.S. Park, J.-W. Yang, Enhancement of
lipid productivity by ethyl methane sulfonate-mediated random mutagenesis
and proteomic analysis in Chlamydomonas reinharditii, Korean J. Chem. Eng. 31
(2014) 1036-1042. d0i:10.1007/s11814-014-0007-5.

[31] Y. Li, J. Mu, D. Chen, F. Han, H. Xu, F. Kong, F. Xie, B. Feng, Production of
biomass and lipid by the microalgae Chlorella protothecordes with
heterotrophic-Cu(Il) stressed (HCuS) coupling cultivation, Bioresour. Technol.
148 (2013) 283-292. d0i:10.1016/j.biortech.2013.08.153.

[32] N. Rolland, A. Atteia, P. Decottignies, J. Garin, M. Hippler, G. Kreimer, S.D.
Lemaire, M. Mittag, V. Wagner, Chlamydomonas proteomics, Curr. Opin.
Microbiol. 12 (2009) 285-291. doi:10.1016/j.mib.2009.04.001.

[33] E.J. Stauber, M. Hippler, Chlamydomonas reinhardtwi proteomics, Plant Physiol.
Biochem. 42 (2004) 989-1001. doi:10.1016/j.plaphy.2004.09.008.

[34] J.-J. Park, H. Wang, M. Gargouri, R.R. Deshpande, J.N. Skepper, F.O. Holguin,
M.T. Juergens, Y. Shachar-Hill, L.M. Hicks, D.R. Gang, The response of
Chlamydomonas reinhardtii to nitrogen deprivation: a systems biology analysis,
Plant J. 81 (2015) 611-624. doi:10.1111/tpj.12747.

[35] R. Carvalho, T. Lettieri, Proteomic analysis of the marine diatom Thalasstosira
pseudonana upon exposure to benzo(a)pyrene, BMC Genomics. 12 (2011) 159.
doi:10.1186/1471-2164-12-159.

[36] L.G. Frigeri, T.R. Radabaugh, P.A. Haynes, M. Hildebrand, Identification of
proteins from a cell wall fraction of the diatom Thalassiosira pseudonana:
insights into silica structure formation, Mol. Cell. Proteomics. 5 (2006) 182-193.
d0i:10.1074/mcp.M500174-MCP200.

[37] I. Grouneva, A. Rokka, E.-M. Aro, The thylakoid membrane proteome of two
marine diatoms outlines both diatom-specific and species-specific features of
the photosynthetic machinery, J. Proteome Res. 10 (2011) 5338-5353.
doi:10.1021/pr200600f.

[38] N.L. Hockin, T. Mock, F. Mulholland, S. Kopriva, G. Malin, The response of
diatom central carbon metabolism to nitrogen starvation is different from that
of green algae and higher plants, Plant Physiol. 158 (2012) 299-312.
doi:10.1104/pp.111.184333.

34



675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717

[39] N.L. Kettles, S. Kopriva, G. Malin, Insights into the Regulation of DMSP
Synthesis in the Diatom Thalassiosira pseudonana through APR Activity,
Proteomics and Gene Expression Analyses on Cells Acclimating to Changes in
Salinity, Light and Nitrogen, PLoS ONE. 9 (2014) e94795.
doi:10.1371/journal.pone.0094795.

[40] A.V. Lobanov, D.E. Fomenko, Y. Zhang, A. Sengupta, D.L. Hatfield, V.N.
Gladyshev, Evolutionary dynamics of eukaryotic selenoproteomes: large
selenoproteomes may associate with aquatic life and small with terrestrial life,
Genome Biol. 8 (2007) R198-R198. d0i:10.1186/gb-2007-8-9-r198.

[41] B.L. Nunn, Y.S. Ting, L. Malmstrom, Y.S. Tsai, A. Squier, D.R. Goodlett, H.R.
Harvey, The path to preservation: Using proteomics to decipher the fate of
diatom proteins during microbial degradation, Limnol. Oceanogr. 55 (2010)
1790-1804. d0i:10.4319/10.2010.55.4.1790.

[42] F. Ge, W. Huang, Z. Chen, C. Zhang, Q. Xiong, C. Bowler, J. Yang, J. Xu, H. Hu,
Methylcrotonyl-CoA Carboxylase Regulates Triacylglycerol Accumulation in the
Model Diatom Phaeodactylum tricornutum, Plant Cell. (2014) tpc.114.124982.
doi:10.1105/tpc.114.124982.

[43] Z. Chen, M. Yang, C. Li, Y. Wang, J. Zhang, D. Wang, X. Zhang, F. Ge,
Phosphoproteomic Analysis Provides Novel Insights into Stress Responses in
Phaeodactylum tricornutum, a Model Diatom, J. Proteome Res. 13 (2014) 2511—
2523. d01:10.1021/pr401290u.

[44] S. Rosenwasser, S.G. van Creveld, D. Schatz, S. Malitsky, O. Tzfadia, A. Aharoni,
Y. Levin, A. Gabashvili, E. Feldmesser, A. Vardi, Mapping the diatom redox-
sensitive proteome provides insight into response to nitrogen stress in the
marine environment, PNAS. (2014) 201319773. d0i:10.1073/pnas.1319773111.

[45] Z.-K. Yang, Y.-H. Ma, J.-W. Zheng, W.-D. Yang, J.-S. Liu, H.-Y. Li, Proteomics to
reveal metabolic network shifts towards lipid accumulation following nitrogen
deprivation in the diatom Phaeodactylum tricornutum, J. Appl. Phycol. 26 (2014)
73-82. d0i:10.1007/s10811-013-0050-3.

[46] C. Evans, J. Noirel, S.Y. Ow, M. Salim, A.G. Pereira-Medrano, N. Couto, J.
Pandhal, D. Smith, T.K. Pham, E. Karunakaran, X. Zou, C.A. Biggs, P.C. Wright,
An insight into iTRAQ: where do we stand now?, Anal. Bioanal. Chem. 404 (2012)
1011-1027. d0i:10.1007/5s00216-012-5918-6.

[47] S.Y. Ow, M. Salim, J. Noirel, C. Evans, I. Rehman, P.C. Wright, iTRAQ
Underestimation in Simple and Complex Mixtures: “The Good, the Bad and the
Ugly,” J. Proteome Res. 8 (2009) 5347-5355. d0i:10.1021/pr900634c.

[48] P.L. Ross, Y.N. Huang, J.N. Marchese, B. Williamson, K. Parker, S. Hattan, N.
Khainovski, S. Pillai, S. Dey, S. Daniels, S. Purkayastha, P. Juhasz, S. Martin, M.
Bartlet-Jones, F. He, A. Jacobson, D.J. Pappin, Multiplexed protein quantitation
in Saccharomyces cerevisiae using amine-reactive isobaric tagging reagents, Mol.
Cell. Proteomics. 3 (2004) 1154-1169.

[49] M.J. Frada, E.H. Burrows, K.D. Wyman, P.G. Falkowski, Quantum requirements
for growth and fatty acid biosynthesis in the marine diatom Phaeodactylum

35



718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761

tricornutum (Bacillariophyceae) in nitrogen replete and limited conditions,
Journal of Phycology. 49 (2013) 381-388. d0i:10.1111/jpy.12046.

[50] R.W. Wellburn, The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different
resolution, J. Plant Physiol. 144 (1994) 307-313.

[561] P. Gerhardt, R.G.E. Murray, W.A. Wood, N.R. Krieg, Methods for general and
molecular bacteriology, American Society for Microbiology, 1994.

[52] W. Chen, C. Zhang, L. Song, M. Sommerfeld, Q. Hu, A high throughput Nile red
method for quantitative measurement of neutral lipids in microalgae, J.
Microbiol. Methods. 77 (2009) 41-47. doi:10.1016/j.mimet.2009.01.001.

[53] KEGG Mapper - Search&Color Pathway, (n.d.).
http://www.genome.jp/kegg/tool/map_pathway2.html (accessed July 16, 2013).
[54] DAVID: Functional Annotation Result Summary, (n.d.).

http://david.abce.nciferf.gov/summary.jsp (accessed July 17, 2013).

[55] D.W. Huang, B.T. Sherman, R.A. Lempicki, Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources, Nat. Protoc. 4 (2008)
44-57. d0i:10.1038/nprot.2008.211.

[56] S. Schmollinger, T. Miithlhaus, N.R. Boyle, L.K. Blaby, D. Casero, T. Mettler, J.L.
Moseley, J. Kropat, F. Sommer, D. Strenkert, D. Hemme, M. Pellegrini, A.R.
Grossman, M. Stitt, M. Schroda, S.S. Merchant, Nitrogen-Sparing Mechanisms in
Chlamydomonas Affect the Transcriptome, the Proteome, and Photosynthetic
Metabolism, Plant Cell. 26 (2014) 1410-1435. doi:10.1105/tpc.113.122523.

[57] D. Binns, E. Dimmer, R. Huntley, D. Barrell, C. O’'Donovan, R. Apweiler,
QuickGO: a web-based tool for Gene Ontology searching, Bioinformatics. 25
(2009) 3045-3046. doi:10.1093/bioinformatics/btp536.

[58] B.L. Nunn, J.F. Faux, A.A. Hippmann, M.T. Maldonado, H.R. Harvey, D.R.
Goodlett, P.W. Boyd, R.F. Strzepek, Diatom Proteomics Reveals Unique
Acclimation Strategies to Mitigate Fe Limitation, PLoS ONE. 8 (2013) e75653.
doi:10.1371/journal.pone.0075653.

[59] A.E. Allen, A. Vardi, C. Bowler, An ecological and evolutionary context for
integrated nitrogen metabolism and related signaling pathways in marine
diatoms, Curr. Opin. Plant Biol. 9 (2006) 264—-273. d0i:10.1016/j.pbi.2006.03.013.

[60] A.E. Allen, C.L. Dupont, M. Obornik, A. Horak, A. Nunes-Nesi, J.P. McCrow, H.
Zheng, D.A. Johnson, H. Hu, A.R. Fernie, C. Bowler, Evolution and metabolic
significance of the urea cycle in photosynthetic diatoms, Nature. 473 (2011) 203—
207. d0i:10.1038/naturel0074.

[61] T. Le Bihan, S.F. Martin, E.S. Chirnside, G. van Ooijen, M.E. Barrios-Llerena, J.S.
O’Neill, P.V. Shliaha, L.E. Kerr, A.J. Millar, Shotgun proteomic analysis of the
unicellular alga Ostreococcus tauri, J. Proteomics. 74 (2011) 2060-2070.
d0i:10.1016/j.jprot.2011.05.028.

[62] D.A. Caron, R.W. Sanders, E.L. Lim, C. Marrasé, L.A. Amaral, S. Whitney, R.B.
Aoki, K.G. Porters, Light-dependent phagotrophy in the freshwater mixotrophic
chrysophyte Dimobryon cylindricum, Microb. Ecol. 25 (1993) 93-111.
doi:10.1007/BF00182132.

36



762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804

[63] W.F. Carvalho, E. Granéli, Contribution of phagotrophy versus autotrophy to
Prymmeswum parvwm growth under nitrogen and phosphorus sufficiency and
deficiency, Harmful Algae. 9 (2010) 105-115. d0i:10.1016/j.hal.2009.08.007.

[64] C.A. Lamb, H.C. Dooley, S.A. Tooze, Endocytosis and autophagy: Shared
machinery for degradation, BioEssays. 35 (2013) 34-45.
doi:10.1002/bies.201200130.

[65] W. Shui, L. Sheu, J. Liu, B. Smart, C.J. Petzold, T. Hsieh, A. Pitcher, J.D. Keasling,
C.R. Bertozzi, Membrane proteomics of phagosomes suggests a connection to
autophagy, PNAS. 105 (2008) 16952-16957. d0i:10.1073/pnas.0809218105.

[66] H. Rismani-Yazdi, B.Z. Haznedaroglu, C. Hsin, J. Peccia, Transcriptomic analysis
of the oleaginous microalga Neochloris oleoabundans reveals metabolic insights
into triacylglyceride accumulation, Biotechnol. Biofuels. 5 (2012) 74.
doi:10.1186/1754-6834-5-74.

[67] EM. Trentacoste, R.P. Shrestha, S.R. Smith, C. Glé, A.C. Hartmann, M.
Hildebrand, W.H. Gerwick, Metabolic engineering of lipid catabolism increases
microalgal lipid accumulation without compromising growth, PNAS. 110 (2013)
19748-19753. d0i:10.1073/pnas.1309299110.

[68] E.H. Burrows, N.B. Bennette, D. Carrieri, J.L.. Dixon, A. Brinker, M. Frada, S.N.
Baldassano, P.G. Falkowski, G.C. Dismukes, Dynamics of Lipid Biosynthesis and
Redistribution in the Marine Diatom Phaeodactylum tricornutum Under Nitrate
Deprivation, BioEnergy Res. 5 (2012) 876-885. d0i:10.1007/s12155-012-9201-7.

[69] A.C. Tolonen, J. Aach, D. Lindell, Z.I. Johnson, T. Rector, R. Steen, G.M. Church,
S.W. Chisholm, Global gene expression of Prochlorococcus ecotypes in response
to changes in nitrogen availability, Mol. Syst. Biol. 2 (2006) 53.
d0i:10.1038/msb4100087.

[70] N. Candan, L. Tarhan, The correlation between antioxidant enzyme activities
and lipid peroxidation levels in Mentha pulegium organs grown in Ca®*, Mg*,
Cu®, Zn* and Mn*' stress conditions, Plant Science. 165 (2003) 769—776.
d0i:10.1016/50168-9452(03)00269-3.

[71] B.A. McKew, S.C. Lefebvre, E.P. Achterberg, G. Metodieva, C.A. Raines, M.V.
Metodiev, R.J. Geider, Plasticity in the proteome of Emiliania huxleyr CCMP
1516 to extremes of light is highly targeted, New Phytol. 200 (2013) 61-73.
doi:10.1111/nph.12352.

[72] B. Naumann, E.J. Stauber, A. Busch, F. Sommer, M. Hippler, N-terminal
Processing of Lhca3 Is a Key Step in Remodeling of the Photosystem I-Light-
harvesting Complex Under Iron Deficiency in Chlamydomonas reinhardtiz,
Journal of Biological Chemistry. 280 (2005) 20431-20441.
d0i:10.1074/jbc.M414486200.

[73] J. Abe, T. Kubo, Y. Takagi, T. Saito, K. Miura, H. Fukuzawa, Y. Matsuda, The
transcriptional program of synchronous gametogenesis in Chlamydomonas
revnhardtu, Curr. Genet. 46 (2004) 304-315. doi:10.1007/s00294-004-0526-4.

37



