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ABSTRACT

Fragilariopsis cylindrus is a key diatom in the Southern Ocean, where low iron and manganese availability constrain primary
production and biogeochemical activity. The molecular mechanisms used by polar diatoms, including F. cylindrus, to cope with
trace metal limitations remain largely unexplored. Here we present phenotypic characterizations and proteomic profiles of F.
cylindrus grown under controlled iron (low, medium, high) and manganese (low, high) conditions that reflect those observed in
the Southern Ocean. Using data-independent acquisition mass spectrometry, we measured over 8000 unique proteins capturing
diverse metabolic responses, including those related to photosynthesis, elemental transport, and intracellular trafficking. We
confirm consistent expression of canonical iron stress proteins (e.g., phytotransferrin) under low iron, and identify additional
candidate biomarkers for iron and manganese stress that could be explored in future laboratory and field experiments. Our
data also support the notion that one flavodoxin isoform in F. cylindrus is iron responsive and one is not, and show that PsaE,
a protein associated with the iron-rich photosystem-I, is upregulated under low iron. Altogether, this dataset is among the
most comprehensive proteomic characterizations of trace metal physiology in polar diatoms to date, providing a foundation for
connecting molecular responses to trace metal availability and ocean biogeochemistry.

1 | Main Text blooms that are integral to Earth system processes. Phytoplankton
growth in much of this region is, however, limited by low iron

Phytoplankton are a diverse group of photosynthetic microor-  availability [5, 6], and recent evidence suggests limitation or co-

ganisms inhabiting the sunlit layers of the ocean. They perform
half of all global photosynthesis [1], and in doing so, they form
the foundation of marine food webs, influence elemental cycling
[2], and contribute to the long-term sequestration of atmospheric
carbon in the deep ocean [3]. The Southern Ocean surrounding
the Antarctic continent harbors intense seasonal phytoplankton

limitation by low manganese availability in some Southern Ocean
locations [7-9]. While both iron and manganese are essential
micronutrients involved in various cellular processes such as res-
piration, photosynthesis, nitrogen metabolism, and superoxide
mediation, cellular requirements for iron are generally higher
than for manganese [10].

Abbreviations: F. cylindrus, Fragilariopsis cylindrus; Fe, iron; Fy/Fp,, variable fluorescence over maximum fluorescence; HCI, hydrochloric acid; Mn, manganese; UPLC, ultra performance liquid

chromatography..
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Diatoms are a globally distributed group of phytoplankton that
require silica to build their frustules (silica-based cell wall struc-
tures), linking them to global silica cycles and other associated
elementals like zinc [11-14]. Diatoms alone contribute up to
40% of ocean primary productivity, and play a key role in the
ocean’s biogeochemical functions, including transporting carbon
from the surface to the deep ocean, where it can be stored for
hundreds to thousands of years [1, 15, 16]. In the Southern Ocean,
diatoms are among the most abundant groups of phytoplankton,
with Fragilariopsis cylindrus (Figure 1A) being a numerically
dominant species [17]. This diatom has become a model system
for cold-adapted phytoplankton, and its fully sequenced genome
[18] provides a useful resource for investigating the molecu-
lar mechanisms underpinning phytoplankton growth in polar
regions.

Previous physiological and growth experiments on F. cylindrus
have yielded important insights into its responses to trace metal
limitation and other environmental variables [19-22]. However,
molecular characterizations of this diatom, and polar phytoplank-
ton species in general, remain scarce. Lyon et al. (2011) [23]
measured 110 F. cylindrus proteins to investigate dimethyl sulfo-
niopropionate (DMSP) biosynthesis, and Kennedy et al. (2019)
[24] conducted a more comprehensive proteomics experiment
investigating phytoplankton physiology during extended periods
of darkness during Antarctic winters. To our knowledge, these
are the only published F. cylindrus proteomics datasets, and a
proteomic characterization under environmentally relevant iron
and manganese conditions remains lacking. Filling this gap is
crucial for advancing our understanding of polar phytoplankton
adaptations, and for identifying protein biomarkers of iron and
manganese limitation that inform phytoplankton physiological
status and roles in biogeochemical processes.

Here, we present deep proteomic profiles of F. cylindrus cultivated
under conditions that mimic key micronutrient regimes in the
Southern Ocean: from severe iron limitation to iron-replete, as
well as manganese-limiting and replete (Figure 1B). Our dataset
comprises 8252 unique proteins across four distinct treatments,
with three highly reproducible biological replicates in each
treatment. Importantly, we also provide associated phenotypic
data, like cell size, photophysiology, and growth rates (Figure 1C-
H), offering a system-level view of how F. cylindrus responds
to varied micronutrient conditions. Together, these data can be
used to inform cellular-scale models of resource allocation [25],
improve physiological parameterization in ecosystem models,
and aid in the interpretation of metaproteomic measurements
from the field.

To generate the dataset, we used F. cylindrus cultures from Jabre
and Bertrand (2020) [22] in addition to cultures grown as part of
the same experiment but not described in [22]. Briefly, biolog-
ical triplicates of F. cylindrus (NCMA 1102) were grown under
trace-metal-clean conditions in EDTA buffered Aquil* media
containing the following iron and manganese treatments: (1) low
iron (low Fe: 15 nM Fe + 48 nM Mn); (2) medium iron (med Fe:
35nM Fe + 48 nM Mn); (3) low manganese (low Mn: 500 nM Fe +
no added Mn); (4) replete (replete: 500 nM Fe + 48 nM Mn). For all
treatments, temperature was kept at 3°C, and constant light was
supplied at 50 pmol of photosynthetically active radiation m=2 s~

Cells were harvested on 0.2 um polycarbonate filters using gentle
vacuum, then stored at —80°C until further processing.

Cultures grown under low and medium iron, and low manganese,
had significantly lower growth rates and photosystem II effi-
ciency (F,/F,) compared to the replete treatment (Figures 1C,
E). This is indicative of iron and manganese stress, reflecting
seasonally low iron and manganese conditions in the Southern
Ocean.

Sample processing began with protein extraction, where 650 uL
of lysis buffer (2% SDS, 0.1M Tris/HCIl pH 7.5, 5mM EDTA) was
added to each sample, followed by a 10-min incubation on ice, and
a further 15-min incubation at 95°C and 350 RPM. Samples were
then sonicated on ice for 1 min (50 % amplitude, 125 W) using a
Q125 microprobe (QSonica), and incubated at room temperature
for 30 min. Filters were removed and the protein-containing
lysate was centrifuged at 15000 xg for 30 min to remove debris.
Total protein concentration was determined using a Micro BCA
Protein Assay Kit (Thermo Scientific) (Figures 1G,H). Protein
digestion followed the SP3 method [26]: 20 pg of protein from each
sample was brought up to 200 uL with Milli-Q water in 2 mL Safe-
Lock tubes (Ependorf), reduced, and alkylated using 5 mmol L™}
dithiothreitol and 15 mmol L™! iodoacetamide, respectively. 10 uL
of magnetic bead mixture was added to each sample, followed by
800 pL of HPLC grade acetone. Samples were gently vortexed at
room temperature for approximately 10 min, until clumping was
observed. Samples were then centrifuged at 5000 X g for 5 min and
the supernatant was discarded. Pellets were washed twice with
1 mL of 80% ethanol and gentle pipetting to disrupt the pellet,
followed by centrifugation at 5000 xg for 5 min and removal
of supernatant. Final wash supernatant was removed while the
tubes were in a magnetic rack to ensure complete solvent removal.
200 pL of 0.5 pg trypsin in 100 mM ammonium bicarbonate
and 5 mM CacCl, was then added to each sample, followed by
incubation in a Thermocycler (Thermo Scientific) for 16 h at
37°C and 800 RPM. Samples were then centrifuged at 10,000 xg
for 5 min and digested peptides, now contained in supernatant,
were transferred to 1.7 mL low binding tubes (Corning). Samples
were acidified with 10% TFA and desalted on a StrataX desalt
plate (Phenomenex) following manufacturer’s guidelines. Clean
peptide extracts were brought to dryness and resuspended in 1%
formic acid, 3% acetonitrile for liquid chromatography—mass
spectrometry (LC-MS) analysis.

Samples were analyzed on a Waters Acquity M-Class UPLC
coupled to a Thermo Scientific Orbitrap Fusion Lumos Tribrid
mass spectrometer. Each sample was measured via three binned
injections at a mass range of 430-550 m/z, 550-690 m/z and
690-930 m/z, respectively. By restricting precursor selection to
smaller mass windows spanning the full mass range (binning),
this method increases sampling depth and maximizes the number
of quantifiable peptides and proteins [27]. For each injection,
0.75 ug of peptide digest was separated via one-dimensional liquid
chromatography for 40 min under a non-linear gradient (Table
S1) using a Waters nanoEase M/Z Peptide BEH C18 Column,
1301&, 1.7 ym, 0.075 X 250 mm. The mass spectrometer was
operated under positive polarity, data-independent acquisition
mode. (Detailed mass spectrometer settings are shown in Table
S2).
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FIGURE 1 | Experimental design and culture metadata. (A) top: light micrographs of Fragilariopsis cylindrus cells in a chain and solitary formation,
bottom: merged DIC + fluorescence micrograph showing chlorophyll-a fluorescence (red) marking chloroplast locations within the cell. (B) Schematic
of 28 mL polycarbonate vials with treatment replicates. (C) Growth rates calculated as in [22]. (D) Estimated Spherical Diameter (ESD) measured via
flow cytometry. (E) Photochemical efficiency of PSII (F,/F,,), unitless. (F) Relative functional absorption cross-section of PSII (oPSII), unitless. (G)
Total protein (picogram; pg) per cell. (H) Total protein (picogram; pg) per um?® of cell volume. In C-H, each point represents one biological replicate.

The low Fe, med Fe and replete data in C-F are replotted from [22].

Following LC-MS analysis, Thermo raw files were converted to
mzML format using MSConvert with peak picking and demulti-
plex settings selected. This converts the staggered 4 Da precursor
mass window scans to an effective precursor mass window 2 Da.
Database searching and peptide quantification was performed

with DIA-NN v1.8.2 [28] using Fragpipe v22.0 [29] against a
database combining the full F. cylindrus genome [18] and its
plastid genome [30], both of which are available on GenBank
under accession numbers PRINA594688 and MK217824.1, respec-
tively. A spectral library was generated using the database and
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supplemented with database search results. The search output
was further processed with the R package iq v1.10.1 to compile
protein abundances from the three separate injections and apply
MaxLFQ normalization.

We functionally annotated protein coding sequences in the
database using eggNOG-mapper v2 [31, 32]. Of the 18,357 protein
coding sequences, 8014 were assigned a functional annotation
(Table S3). To quantify F. cylindrus protein-coding genes that
have experimental support (mass spectrometry identification),
we compared our data with the proteome generated by Kennedy
et al. (2019) [24]. We note that our database (18,357 proteins)
is different from the one used in [24] (27,137 proteins) because
we chose the haploid version and appended plastid-encoded
proteins. To facilitate comparison of the number of identified
proteins between studies, we clustered both databases using CD-
HIT [33, 34] at 98% sequence identity (“c” flag), resulting in 24,371
protein clusters.

Following mass spectrometry and data processing, we assessed
the reproducibility of our measurements by calculating all
possible Pearson correlation coefficients between every sample.
This captures both biological variation (e.g., differences within
and across treatments) and technical variation (e.g., due to
protein extraction and mass spectrometry methods). For the
low Fe, medium Fe, low Mn, and replete treatments, the mean
Pearson correlation coefficients between biological replicates
were 0.95, 0.96, 0.93, 0.96, respectively, indicating a high degree
of reproducibility within each treatment (Figure 2A). We also
visualized changes in protein abundances across treatments using
aheatmap and hierarchical clustering, which highlighted distinct
protein expression patterns between treatments (Figure 2B).
We then used Bray-Curtis dissimilarity across individual pro-
teomic profiles as inputs for non-metric multidimensional scaling
(NMDS), which showed clustering of replicates within each
experimental treatment (Figure 2C). Altogether, these data pro-
vide experimental evidence for 59,687 peptides mapping to 8252
proteins, or 45% of the total predicted proteome (18,357 proteins).
Most proteins (7385) were present across all treatments, while
only small subsets were unique to low iron (49), medium iron
(20), low manganese (35) and replete (36) conditions (Figure 2D)
(Table S4).

To facilitate comparison with previous proteomic work on F.
cylindrus, we now switch to reporting the number of protein
clusters rather than proteins (because we first needed to cluster
the two different databases used for these experiments to identify
which were overlapping protein identifications). When compared
with Kennedy et al. (2019), we identified 1164 protein clusters
in common, they uniquely identified 403 protein clusters, while
we uniquely identified 7195 protein clusters. Prior to our dataset,
Kennedy et al. (2019) provided experimental support for ~7% of
protein coding genes in F. cylindrus, and our dataset adds to this,
experimental support for an additional ~34% of putative protein
coding genes in F. cylindrus.

We assigned a Cluster of Orthologous Group (COG) identifier to
proteins if they were associated with a single COG category, and
identified proteins across various functional groups, particularly
those related to photosynthesis, posttranslational modification,
protein turnover, chaperones, translation, and amino acid trans-

port and metabolism (Figures 3A,B). We then examined how
the protein abundances, with each of these groups, changed
across treatments (Figure 3A). Specifically, we summed the
median normalized protein abundances within each group. The
most abundant protein groups were: “Carbohydrate transport
and metabolism”, “Intracellular trafficking”, and “Translation”.
Another abundant COG category was “Energy production and

conversion”, which was much higher under low iron (Figure 3A).

We performed differential protein expression analysis using
the DEP R package (v1.31.0), and applied an adjusted p-value
threshold of 0.05 and log, fold-change cutoff of 1 to identify
significant differences. We used the “normalize_vsn” function
within the DEP package to perform variance stabilizing nor-
malization prior to differential expression analysis. In total,
105 proteins were significantly differentially expressed between
the low iron and replete treatments, and 229 proteins were
significantly differentially expressed between the low manganese
and replete treatments (Figure 3C,D) (Table S5). Among the
iron responsive proteins, we observed several known signa-
tures of iron stress. Phytotransferrin, other iron stress induced
proteins (ISIPs) and iron transporters such as FeABCl were
significantly upregulated under low iron, consistent with their
roles in iron acquisition and homeostasis [35-38]. Plastocyanin,
a copper-containing protein known to substitute iron-containing
cytochrome-c6 and shown to be upregulated under low iron
[39, 40], showed no significant change in abundance under the
different iron conditions in our experiment. This aligns with
previous findings in Southern Ocean microbial communities
[41], and suggests that Southern Ocean phytoplankton may
often constitutively express this protein to reduce metabolic
iron requirements. Further, two flavodoxin isoforms exhibited
contrasting responses to iron: one isoform was strongly iron-
responsive, while the other remained unchanged. This supports
the evidence for two flavodoxin clades with divergent functions,
only one of which is regulated by iron availability [41-43].
Flavodoxin is an assumed biomarker of iron stress [44], and
our results underscore the importance of distinguishing between
isoforms to accurately assess iron stress in marine phytoplank-
ton. Iron-rich proteins including ferredoxin and cytochrome-c6
were downregulated under low iron, reflecting a reduction in
cellular investment in iron-containing metalloproteins. We also
measured a marked increase in fructose-bisphosphate aldolase
(FBA) under low iron, suggesting a potential role in modulating
carbon flux within the chloroplast when energy generation
via photosynthesis is restricted (e.g., reduced F,/F.). This is
also supported by transcriptomics-based measurements showing
increased FBA expression during iron limitation [45, 46]. Lastly,
PsaE, a component of the iron-rich photosystem I complex, was
upregulated under low iron conditions. PsaE may contribute to
stabilizing photosystem I and mitigating reactive oxygen species
accumulation when iron is limiting [47]. This response, also
observed at the transcript level in Fragilariopsis kerguelensis
[40] highlights the importance of examining individual protein
responses to better understand cellular responses to iron stress,
as some responses may appear counterintuitive or may be masked
when viewed only at the complex or pathway level.

Among the proteins differentially expressed under varying
manganese conditions, HBQI, a globin-like protein was down
regulated under low manganese (Figure 3D). Although its role
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- Proteomics data overview. (A) Pairwise Pearson correlation matrix of protein abundances across treatments and replicates. (B)

Heatmap of mean protein abundances in the different treatments. Mean abundances are z-score normalized across treatments, enabling comparisons

between treatments but not between proteins. Each row = one unique protein. (C) Non-metric multidimensional scaling (NMDS) ordination of samples

based on protein abundance profiles (stress = 0.03). (D) UpSet plot summarizing the overlap of proteins measured across treatments.

in diatoms is not fully resolved [48], in vertebrates this protein
is associated with oxygen transport and iron binding, with some
evidence suggesting that manganese availability may impact
its synthesis and homeostasis [49, 50]. Our findings suggest
that manganese may similarly influence these mechanisms in
diatoms. Further, delta carbonic anhydrase was downregulated
under low manganese, suggesting that manganese may play a role
in this enzyme [51]. Interestingly, several proteins upregulated
under low iron, including flavodoxin, phytotransferrin, PsaE, and
FBA, were also upregulated under low manganese, suggesting

F. cylindrus employs similar molecular strategies to cope with
impaired photosynthetic apparatuses under both iron and man-
ganese limitation. Lastly, we note that many proteins that were
differentially expressed under the various iron and manganese
conditions were proteins of unknown function. These highlight
future opportunities for discovering novel protein functions and
molecular responses to trace metal limitation.

This study provides the first proteomic profiles of Fragilariopsis
cylindrus grown under low iron and manganese conditions
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FIGURE 3 | Protein group and differential expression analysis. (A) Summed abundances of proteins belonging to various Cluster of Orthologous
Group (COG) groups under different treatments. Each point represents the mean of three biological replicates. (B) The number of unique proteins
belonging to each COG category. Each point represents the total number of proteins in all treatments combined. (C) Volcano plot of differential
protein expression between low iron and replete treatments. Points above the horizontal dashed line represent statistically significant differences
(adjusted p-value <0.05), while the x-axis shows log, fold change (positive = higher abundance under low iron; negative = lower abundance under
low iron). (D) Volcano plot of differential protein expression between low manganese and replete treatments. Points above the horizontal dashed line
represent statistically significant differences (adjusted p-value <0.05), while the x-axis shows log, fold change (positive = higher abundance under low
manganese; negative = lower abundance under low manganese). In C and D, Amn_tr, ammonium transporter; Cyt, cytochrome; deltaCA, delta carbonic
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Irt-like protein.

like those observed in the Southern Ocean, expanding our
understanding of trace metal physiology in Southern Ocean phy-
toplankton. Beyond its immediate biological insights, this dataset
offers a valuable foundation for integration into platforms such as
DiatOmicBase and emerging Digital Microbe frameworks [52, 53],

enabling cross-study comparisons and multi-omics syntheses.
Future work examining F. cylindrus under simultaneous iron
and manganese co-limitation will be critical for disentangling
the shared and unique pathways of trace metal stress responses.
Together, these results underscore the utility of proteomics for
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linking molecular physiology with ecological function in marine
ecosystems, and provide a benchmark for future investigations
into Southern Ocean biogeochemistry.
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