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Summary

Diatoms are a highly successful group of photosyn-
thetic protists that often thrive under adverse envi-
ronmental conditions. Members of the genus Pseudo-
nitzschia are ecologically important diatoms which
are able to subsist during periods of chronic iron lim-
itation and form dense blooms following iron fertiliza-
tion events. The cellular strategies within diatoms
that orchestrate these physiological responses to
variable iron concentrations remain largely uncharac-
terized. Using a combined transcriptomic and proteo-
mic approach, we explore the exceptional ability of a
diatom isolated from the iron-limited Northeast
Pacific Ocean to reorganize its intracellular pro-
cesses as a function of iron. We compared the
molecular responses of Pseudo-nitzschia granii
observed under iron-replete and iron-limited growth
conditions to those of other model diatoms. Iron-
coordinated molecular responses demonstrated
some agreement between gene expression and pro-
tein abundance, including iron-starvation-induced-
proteins, a putative iron transport system and com-
ponents of photosynthesis and the Calvin cycle.
Pseudo-nitzschia granii  distinctly differentially
expresses genes encoding proteins involved in iron-
independent photosynthetic electron transport, urea
acquisition and vitamin synthesis. We show that
P. granii is unique among studied diatoms in its
physiology stemming from distinct cellular
responses, which may underlie its ability to subsist
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in low iron regions and rapidly bloom to outcompete
other diatom taxa following iron enrichment.

Introduction

In the coastal Northeast (NE) Pacific Ocean, high phyto-
plankton biomass is fueled by upwelling of nutrient-rich
deep ocean waters as well as the merging of comple-
mentary water masses where coastal nitrate-poor, iron-
rich waters meet oceanic nitrate-rich, iron-poor waters
(Ribalet et al., 2010). Further offshore, in the middle of
the subpolar Alaskan gyre, chronic iron limitation of phy-
toplankton growth is well-characterized with occasional
blooms occurring when ephemeral iron enters surface
waters via atmospheric deposition of continental dust or
volcanic activity (Lam et al, 2006; Lam and Bishop,
2008; Olgun et al. 2013). Iron fertilization experiments
have demonstrated that the introduction of bioavailable
iron to these high-nutrient, low-chlorophyll (HNLC) waters
creates diatom blooms, often dominated by the pennate
diatom genus Pseudo-nitzschia, with the potential to
transport substantial carbon to the ocean’s interior
(de Baar et al., 2005; Boyd et al., 2007; Marchetti et al.,
2012; Smetacek et al., 2012). Coastal members of this
genus are periodically responsible for harmful algal
bloom events due to their production of a neurotoxin,
domoic acid (Hasle, 2002; Lelong et al., 2012).

The success of Pseudo-nitzschia spp. in forming large
blooms in the NE Pacific Ocean following iron addition
events, and their ability to subsist during long periods of
severe iron limitation, has been in part attributed to their
competitive growth characteristics. The oceanic diatom
Pseudo-nitzschia granii is capable of maintaining rela-
tively high growth rates at extremely low iron concentra-
tions. In comparison, the coastal diatom Pseudo-
nitzschia multiseries cannot survive at the dissolved iron
concentrations in which P. granii still thrives (Fig. 1).
Even when compared to an isolate of the oceanic diatom
Thalassiosira oceanica from the Sargasso Sea where
macronutrients primarily or in combination with iron limit
primary productivity (Moore et al., 2006), P. granii can
continue to grow under low-iron concentrations that do
not support growth of T. oceanica (Fig. 1).
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Fig. 1. Specific growth rates as a function of log-transformed total
iron concentration (Fer) in the oceanic diatoms Pseudo-nitzschia
granii (black) and Thalassiosira oceanica (grey), and the coastal dia-
tom Pseudo-nitzschia multiseries (white), regraphed from Marchetti
et al. (2009). Error bars for P. granii and P. multiseries represent var-
iation among biological triplicates.

Initial investigations into the molecular underpinnings of
Pseudo-nitzschia iron-limited and iron-enriched growth
responses have provided some key insights into its iron-
related physiology. Pseudo-nitzschia  granii  highly
expresses the gene encoding the iron storage protein, ferri-
tin, under iron-replete conditions (Marchetti et al., 2009), a
response not shared by many other examined coastal dia-
toms (Cohen et al.,, 2018). This enables P. granii to take
up and store iron during pulses of high iron availability, and
then use these intracellular iron reserves for subsequent
cell growth and division once iron in the surrounding envi-
ronment declines back to low, ambient concentrations. By
utilizing ferritin, P. granii is able to achieve a high intracellu-
lar iron quota of 300 pmol Fe mol C™', yet can decrease its
minimum iron quota to < 5 pmol Fe mol C™" under low iron
conditions, demonstrating a high plasticity in iron quotas
when compared to other taxonomically and geographically
diverse diatoms (Cohen et al., 2018).

Similar to many other diatoms from Fe-limited regions,
P. granii also contains a gene encoding for proteorhodop-
sin, a light-driven proton pump used in the synthesis of
ATP, and appears to preferentially use this protein for
energy production under iron limitation as an alternative
to photosynthesis (Marchetti et al., 2015). These two
strategies contribute to the growing understanding of
which molecular mechanisms underlie the ecological suc-
cess of oceanic diatoms such as P. granii; however other
major metabolic rearrangements occurring in photosyn-
thetic carbon fixation, macronutrient assimilation or

vitamin production as a result of altered iron availability
remain poorly resolved. While enrichment studies per-
formed with natural diatom assemblages are useful in
identifying large-scale shifts in cellular processes across
broad taxonomic groups (Marchetti et al., 2012; Cohen
et al, 2017a), it is challenging to assign these specific
trends to the species taxonomic level. This species-level
resolution may be important in interpreting ecological pat-
terns since differences in phenotypic, transcriptional and
proteomic tendencies across species or even strains can
be pronounced (Godhe and Rynearson, 2017; Hippman
et al. 2017).

Recently there has been growing evidence of the
importance of B-vitamins in regulating the growth of phy-
toplankton (Safiudo-Wilhelmy et al., 2014). In addition to
the iron-intensive processes involved in photosynthesis
and nitrate assimilation, iron is intricately linked to vitamin
production due to the presence of iron—sulphur (Fe-S)
cluster-containing enzymes involved in the production of
B+ (thiamine) and B (biotin) (Mihara and Esaki, 2002). It
is unknown whether P. granii contains the molecular
machinery to intracellularly biosynthesize thiamine to ful-
fill vitamin demands or instead relies on exogenous com-
pounds, and whether the production process is
influenced by iron availability as recently demonstrated
with B; (Cohen et al., 2017b). Although some marine het-
erokonts appear to be thiamine producers that do not
require externally supplied thiamine to grow (Safudo-
Wilhelmy et al., 2014), others may use environmentally-
acquired intermediates or precursors and internally con-
vert them to usable forms (Gutowska et al., 2017). Differ-
ences in thiamine requirements may additionally occur
within a single genus, with an examined strain of Pseudo-
nitzschia multiseries not requiring thiamine in culture
medium while a closely related strain of Pseudo-nitzschia
pungens does (Tang et al., 2010; Sanudo-Wilhelmy et al.,
2014). Therefore, nutritional requirements cannot be
assumed constant across, or even within, a given taxon.
Furthermore iron and vitamin B4, (cobalamin) stress have
been linked, with co-limitation observed in the HNLC
Southern Ocean (Bertrand et al., 2011, 2013, 2015) and
serial By, limitation occurring following nitrate and iron co-
limitation in regions of the tropical Atlantic (Browning et al.
2017), although a direct effect of iron-limitation on Bo-
dependent processes has not been apparent in the few
examined diatom cultures and natural communities
(Bertrand et al., 2015; Cohen et al., 2017b). In addition,
certain eukaryotic marine algae can convert unusable vari-
ants of By, (pseudocobalamin) into cobalamin using syn-
thesis and repair proteins encoded by COB genes
(Helliwell et al., 2016), and certain COB genes show ele-
vated expression in natural Pseudo-nitzscha spp. follow-
ing iron enrichment in the NE Pacific Ocean (Cohen et al.,
2017b). Iron availability may therefore directly influence B4
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production and perhaps B;, intermediate transformations
in P. granii.

Here, we present an assessment of iron-sensitive meta-
bolic features specific to P. granii, an ideal model diatom for
investigating iron-induced changes in molecular physiology
in a low-iron requiring diatom. Through a combined tran-
scriptomic and proteomic approach, we examined a
P. granii strain originally isolated from the NE Pacific Ocean
and identified several cellular mechanisms that are a func-
tion of iron status which appear unique to this diatom when
compared to the published transcriptomes of two other
model diatoms. We furthermore describe iron-coordinated
substitutions and reorganizational strategies with strong
transcript and protein support. Understanding these molec-
ular responses and their inferred physiological conse-
quences have implications for regional biogeochemistry
and community ecology, and is increasingly relevant as we
predict how phytoplankton communities will be affected by
rapidly warming and acidifying marine environments, which
may ultimately lead to changes in the ocean’s iron supply
(Hutchins and Fu, 2017; McQuaid et al., 2018).

Results and discussion
Physiological response to iron limitation

Pseudo-nitzschia granii (UNC1102), originally isolated
from naturally iron-limited waters of the subarctic North-
east Pacific Ocean in June 2011, was grown in separate
culture experiments for transcriptomic or proteomic ana-
lyses. P. granii cultures grown for the transcriptomic anal-
ysis achieved a maximum growth rate (umax) Of
1.77 + 0.03 day™' under iron-replete conditions and
0.67 =+ 0.13 day~" when iron-limited. Cultures grown for
proteomic analysis reached a pimayx of 2.16 & 0.12 day™
under iron-replete conditions and 0.97 + 0.03 day™’
when iron-limited. As a result, mean iron-limited growth
rates for transcriptomic and proteomic analyses were
reduced to 38% and 45% of umax respectively (p < 0.02;
Supporting Information Fig. S1). Consistent with the reduc-
tions in growth rates, F,:Fy, values significantly decreased
by approximately 10% in the iron-limited cells (p < 0.03;
Supporting Information Fig. S1). Slight differences in spe-
cific growth rates of P. granii cells between transcriptomic
and proteomic experiments may be attributed to differ-
ences in culture age and the associated changes in dia-
tom cell size with time (Hostetter and Hosaw 1972), with
the replicate cultures grown approximately 2 years apart
during August-December 2012 for the transcriptomic anal-
ysis and January—March 2015 for the proteomic analysis.
To gain an understanding in how P. granii responds to
changes in iron bioavailability compared to other charac-
terized model diatoms, a comparative transcriptomic
analysis was performed using publicly available data sets
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of the oceanic diatom T. oceanica and the polar sea ice
diatom Fragilariopsis cylindrus when grown under iron-
replete and iron-limited conditions. Both of these diatoms
also grew at approximately 40% of their umax under iron-
limited conditions as established in these other studies
(Lommer et al., 2012; Strauss, 2012; Mock et al., 2017).

Transcriptome sequencing and proteome analyses

High-throughput sequencing of P. granii cDNA libraries
resulted in 29 million paired-end reads, with an average
of 5.8 + 0.7 million reads per sample (Supporting Infor-
mation Table S1). Reads assembled into ~70 000 contigs
with an N50 of 1199 base pairs. Pseudo-nitzschia granii
transcriptome completeness was estimated at 66%
according to the BUSCO metric (Simao et al., 2015), sug-
gesting sufficient coverage of core genes present within
eukaryotic genomes. We detected 3328 unique genes
with functional annotations to the KEGG database, of
which 7% were differentially expressed between iron-
replete and iron-limiting conditions as determined through
the edgeR likelihood ratio test (Robinson et al., 2010). Of
these, 148 genes were over-represented and 82 were
under-represented in the iron-replete condition (false dis-
covery rate [FDR] < 0.05; Fig. 2A, Supporting Information
Fig. S2 and Table S2). Approximately 1446 KEGG-
annotated genes were assigned to the T. oceanica tran-
scriptome, and 3589 to the F. cylindrus transcriptome.
Almost half of these genes (46%) in F. cylindrus were dif-
ferentially expressed (FDR < 0.05, likelihood ratio test) due
to exceptionally low variability among biological replicates.
All three diatom species shared transcripts corresponding
to 1171 KEGG genes. A number of plastid-encoded genes
were detected in the nuclear transcriptome despite target-
ing mRNA through poly-A selection during sequence library
preparation. Because organelle-derived transcripts can con-
tribute to a substantial proportion of the reads contained in
RNA-Seq libraries, some being polyadenylated, plastid-
encoded genes can be a rich source of expression informa-
tion and therefore were included in our analysis (Smith,
2013 and references therein). In addition, multiple copies of
a given gene may exist in diatoms and each copy could
show distinct expression patterns (Bender et al., 2014;
Groussman et al. 2015). In our analysis, gene expression is
a composite of all gene copies to gauge cumulative meta-
bolic responses to iron status, although subsequent analy-
sis of distinct gene copies may be informative.

Proteomic analyses detected 326,585 mass spectra
from four biological samples, resulting in 1204 protein
identifications at a corresponding protein false discovery
rate of 1.0% (Supporting Information Table S3). Approxi-
mately 67%, or 805, of these proteins had KEGG annota-
tions and 649 corresponded to unique functional gene
annotations. Of these annotated proteins, 139 were
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differentially abundant between treatments with 68 over-
represented and 71 under-represented in the iron-replete
condition (estimated FPR < 0.05, power law global error
model [PLGEM]; Fig. 2B).

The transcriptome and proteome of P. granii demon-
strated substantial agreement in terms of metal trans-
porters and components of iron-related photosynthesis
between iron-replete and iron-limited conditions (+Fe/
—Fe), and demonstrated an overall positive Pearson corre-
lation coefficient (r) of 0.464 (p = 2.2 x 107'5; Fig. 3). Of
the 3327 unique KEGG genes detected in the P. granii
transcriptome, 650 (20%) were also detected in the prote-
ome using the analytical approach applied in this study.
Only 21 shared KEGG genes and proteins were similarly
differentially expressed or abundant (FDR/FPR < 0.05),
while 40 and 118 were exclusively differentially expressed
in the transcriptome or differentially abundant in the prote-
ome respectively (Supporting Information Table S4).

Iron-limited molecular responses of P. granii

Genes and proteins with congruent responses to iron sta-
tus include components of photosynthesis, metal transport
and the Calvin cycle (Fig. 3, Supporting Information

Fig. S3). The gene encoding an iron-independent photo-
synthetic electron acceptor flavodoxin (FLDA), which can
functionally replace iron-dependent ferredoxin (PETF),
increased in gene expression by 5.7-fold under iron limita-
tion (FDR = 5.3 x 107°). Similarly, FLDA protein abun-
dance was 16-fold higher under iron limitation (o = 0, FPR
< 0.05). Interestingly, the substitution of FLDA with PETF
under iron-replete conditions, as observed in natural dia-
tom communities (LaRoche et al., 1995; Doucette et al.,
1996; Erdner and Anderson, 1999; McKay et al., 1999;
Allen et al., 2008), was not apparent in P. granii. Instead
PETF transcript abundance was appreciably lower than
FLDA regardless of iron status (Supporting Information
Fig. S2). As a result, the use of flavodoxin as an iron stress
marker independent of ferredoxin dynamics may be more
appropriate, as observed in non-diazotrophic marine cya-
nobacteria (Saito et al., 2014; Mackey et al., 2015). Consis-
tent with our findings, a global survey of gene expression
in marine phytoplankton has demonstrated oceanic mem-
bers of the diatom lineage strongly express flavodoxin over
ferredoxin, while certain coastal diatoms, likely adapted to
environments experiencing more frequent and larger fluctu-
ations in iron supply, more highly express ferredoxin under
iron-replete conditions (Carradec et al., 2018).

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 20, 3109-3126
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Fig. 3. Comparison of log, fold changes in gene (y-axis) and protein
(x-axis) expression under iron-replete relative to iron-limited condi-
tions (+Fe/—Fe). Only genes and proteins with KEGG gene annota-
tions that were detected in both the transcriptome and proteome are
shown. Genes differentially expressed only in the transcriptome are
shown in yellow (edgeR’s likelihood ratio test, FDR < 0.05), while
those differentially abundant only in the proteome are shown in blue
(PLGEM, estimated FPR < 0.05). Genes and proteins both differen-
tially expressed or abundant are shown in green, and those not dif-
ferentially expressed or abundant are shown in grey. The strength of
the log, fold change relationship between the transcriptome and pro-
teome was assessed using the Pearson correlation coefficient (r).
See Fig. 4 for full list of gene names.

Apart from photosynthetic carbon fixation, ferredoxins
are known to participate in metabolic reactions involved
in nutrient assimilation, chlorophyll synthesis and redox
cycling (Hanke and Mulo, 2012), and they may serve an
important cellular role under iron limitation. In P. granii,
PETF gene expression increased by threefold when cells
were iron-limited (Fig. 2A) in contrast to the responses
observed in three diatoms from the genus Thalassiosira
(Whitney et al., 2011; Lommer et al., 2012). An amino
acid alignment of PETF from model diatoms demon-
strates that P. granii ferredoxin resembles that of the
HNLC Southern Ocean diatom F. cylindrus (71% similar-
ity; Supporting Information Fig. S4A) with a
Phyre2-modelled secondary structure consistent with the
2Fe-2S ferredoxin-related family (Kelley et al, 2015).
These results paradoxically support a distinct role of fer-
redoxin under iron-limited conditions in P. granii and per-
haps F. cylindrus. As ferredoxin proteins are additionally
hypothesized to play a role in detoxifying reactive oxygen
species under heat stress (Lin et al. 2013) and are
expressed in one T. oceanica strain under copper limita-
tion (Hippman et al. 2017), ferredoxin in P. granii could
be used to neutralize elevated reactive oxygen species
accumulation under iron stress (Luo et al. 2015). Alterna-
tive detoxifiers to ferredoxin such as the heme-dependent
ascorbate peroxidase are conversely overexpressed in the
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transcriptome under iron-replete conditions in P. granii
(p = 9.2 x 107*; Supporting Information Table S2). Further
investigations are required to determine if differences in
ferredoxin amino acid sequences are suggestive of distinct
cellular functions in marine diatoms.

Differential gene expression and protein abundance of
iron transport pathways was additionally evident.
Pseudo-nitzschia granii likely possesses the ability to
import iron using a variety of transport mechanisms
(Fig. 4, Supporting Information Fig. S5). The gene encod-
ing a substrate-binding protein involved in an ABC-type
iron transport complex identified in cyanobacteria (ABC.
FEV.S) (Katoh et al., 2001) increased in gene expression
under iron limitation by 12-fold (FDR = 1.7 x 107°) while
high protein spectral counts were only detected in the
iron-limited treatment (represented by a protein abun-
dance increase by 388-fold [p = 0, FPR < 0.05] due to no
spectral counts detected under iron-replete conditions
and a trivial spectral count value of 0.5 being artificially
assigned to allow for a fold-change estimation). These
ABC.FEV.S responses are consistent with observations
of higher gene expression in natural populations of Tha-
lassiosira under iron stress (Cohen et al., 2017a). In field
studies with Pseudo-nitzschia, ABC.FEV.S was found to
be similarly overexpressed in potentially iron-limited natu-
ral diatom communities within the Bransfield Strait of the
Antarctic Peninsula (Pearson et al., 2015), while low-iron
Northeast Pacific and coastal California upwelling
Pseudo-nitzschia populations increased ABC.FEV.S
gene expression following iron resupply (Cohen et al,
2017a). Many of these studies imply a large increase in
ABC.FEV.S transporters to iron scarcity; however, there
are likely complex environmental contextual factors that
may result in these transport systems serving different
roles across diatom species and distinct physiochemical
conditions, which warrants further investigation. We con-
clude here that P. granii relies upon this ABC transport
complex under steady-state iron limitation given the
strong transcriptional and proteomic support observed
here. The discovered tryptic peptides from this protein
and example mass spectra are shown in Supporting
Information Table S5 and Fig. S6 to enable future tar-
geted metaproteomic applications for this potential
Pseudo-nitzschia iron stress biomarker.

A group of abundant and iron-responsive proteins
involved in iron transport were examined (Fig. 4). Iron-
starvation-induced-protein 1 (/SIP1), involved in the non-
reductive uptake of iron bound to siderophores through
endocytosis in marine diatoms (Kazamia et al., 2018),
belongs to the same gene cluster as the copper-
containing enzyme tyrosinase (TYR; Allen et al., 2012)
with both highly expressed under iron limitation in
P. granii (Fig. 4). ISIP1 transcripts were abundant (log,
CPM = 11.3) and it was one of the most differentially

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 20, 3109-3126
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Fig. 4. Cell schematic displaying the log, fold change in gene expression between iron-replete (+Fe) and iron-limited (—Fe) treatments in
P. granii. On the continuous colour scale, red represents higher expression under iron-replete conditions, and blue represents higher expression
under iron-limited conditions. Grey indicates that transcripts were not detected. Genes encoding proteins that were also detected in the proteome
are outlined with a black border. A dashed outline indicates protein location in the cell is speculative. Asterisks (*) denote a significant difference
in gene expression between treatments as determined through edgeR’s likelihood ratio test (FDR < 0.05). The B4 pathway, urea cycle, TCA
cycle, nitrate and urea transporters, and localization of ISIPs, SOD and GOGATSs were constructed based on information from Alexander et al.
(2015), Allen et al. (2011), Bender et al. (2014), Bertrand et al. (2012), Gutowska et al. (2017), Hockin et al. (2012), Lommer et al. (2012),
McRose et al. (2014), Paerl et al. (2016), Pearson et al. (2015), Pourcel et al. (2013), Smith et al., (2016) and Wolfe-Simon et al. (2006). [Cytosol]
ISIP1: iron starvation-induced protein 1; ISIP2A: iron starvation-induced protein 2A; ISIP3: iron starvation-induced protein 3; ABC.FEV.S: iron
complex transport system substrate-binding protein; ABC.FEV.A: Iron (lll) dicitrate transport ATP-binding protein; ACACA: biotin carboxylase;
HSP70: heat shock protein 70 kDa 1/8; TYR: tyrosinase; NRT2: nitrate transporter; AMT: ammonium transporter; NR: nitrate reductase; NIRB:
NADPH-nitrite reductase; UTP: urea transporter; SLC14: solute carrier family 14 (urea transporter); URE: urease; ARG: arginase; ASL: arginino-
succinate lysase; ASSY: argininosuccinate synthase; AQP: aquaporin; THIC: phosphomethylpyrimidine synthase; THIDE: hydroxymethylpyrimi-
dine kinase; THIG: thiazole synthase; TPK: thiamine pyrophosphokinase; COBH: precorrin-8X/cobalt-precorrin-8 methylmutase; COBB: cobyrinic
acid a,c-diamide synthase; COBN, COBS, COBT: cobaltochelatase; COBR: cob(ll)yrinic acid a,c-diamide reductase; COBA: cob(l)alamin adeno-
syltransferase; COBQ: adenosylcobyric acid synthase; COBD: adenosylcobinamide-phosphate synthase; COBP: adenosylcobinamide kinase;
COBU: nicotinate-nucleotide-dimethylbenzimidazole =~ phosphoribosyltransferase;  COBC:  alpha-ribazole  phosphatase;  COBS:
adenosylcobinamide-GDP ribazoletransferase; CBAT: cobalamin acquisition protein 1. [Plastid] Cu/Zn SOD: Copper/zinc superoxide dismutase;
Fe/Mn SOD: Iron/manganese superoxide dismutase; FBA class [: fructose bisphosphate aldolase class |; FBA class II: fructose bisphosphate
aldolase class Il; Fd-GOGAT: ferredoxin-dependent glutamate synthase; GS: glutamine synthetase; FTN: ferritin; PETE: plastocyanin; PETJ: chy-
tochrome cg; FLDA: flavodoxin; PETF: ferredoxin; PETH: ferredoxin-NADP+ reductase. [Mitochondria] FH I: fumarate hydratase class I; FH II:
fumarate hydratase class Il; GOGAT: NADPH-dependent glutamate synthase; NIRA: ferredoxin-dependent nitrite reductase; OTC: ornithine car-
bamoyltransferase; BIOF: 8-amino-7-oxononanoate synthase; BIOA: adenosylmethionine-8-amino-7-oxononanoate aminotransferase; BIOD:
dethiobiotin synthetase; B/IO3-BIO1: bifunctional dethiobiotin synthetase; BIOB: biotin synthase. [Vacuole] RHO: proteorhodopsin.

expressed genes under iron limitation with a 64-fold
change in gene expression (FDR = 4.2 x 107"7; Fig. 2A).
ISIP1 protein expression followed a similar trend and
increased 478-fold under iron limitation (not detected
under iron-replete conditions; p = 0, FPR < 0.05; Fig. 2B).
ISIP3 gene expression likewise increased by sixfold
under iron limitation (FDR = 3.8 x 107°), and protein
abundance by 119-fold (not detected under iron-replete
conditions; p = 0, FPR < 0.05). Both ISIP1 and ISIP3
have been observed to increase under iron stress in
numerous diatom isolates as well as in natural communi-
ties (Allen et al., 2008; Marchetti et al., 2012; Bender
et al., 2014; Cohen et al., 2017a). Lastly, ISIP2A, which

encodes a recently characterized phytotransferrin that
binds ferric iron directly and is internalized through endo-
cytosis (Morrissey et al., 2015; McQuaid et al., 2018),
was weakly expressed under iron limitation by 1.4-fold
(FDR = 0.76) while protein abundance was 4.5-fold
higher under iron limitation (p = 0, FPR < 0.05). Taken
together, given their high transcript and protein abun-
dance levels and sensitivity to iron status observed
within both laboratory and field analyses, these ISIP pro-
teins are thought to play critical roles in facilitating both
labile inorganic and ligand-bound iron uptake (Kazamia
et al., 2018; McQuaid et al., 2018) and in maintaining
Pseudo-nitzschia growth under iron-limiting conditions.
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Several coordinated protein substitutions further dem-
onstrate P. granii’'s extensive metabolic reorganization
when adapting to changes in iron availability. Two clas-
ses of fructose biphosphate aldolases (FBA) functioning
in the Calvin cycle, gluconeogenesis and glycolysis, were
identified with class Il and class | forms differentially
expressed as a function of iron status (Fig. 4). FBA class
| uses Schiff-based catalysis, not requiring a metal cofac-
tor, while class Il depends on metal catalysis (Horecker
et al., 1972). Class Il FBA transcripts were 2.5-fold
(FDR = 0.08), and proteins 3.2-fold (p = 0.007, FPR
< 0.05) more abundant under iron-replete conditions,
while class | FBA transcripts were 2.8-fold (FDR = 0.04)
and proteins 588-fold (p = 0, FPR < 0.05) more abundant
under iron limitation (Fig. 3). The patterns we observed
are consistent with laboratory cultures of T. oceanica and
P. tricornutum grown under varying iron states (Allen
et al. 2011; Lommer et al., 2012). Similar to the FBAs,
fumarate hydratase (FH) plays a critical role in the tricar-
boxylic acid (TCA) cycle and can exist in two different
forms, with class | (FH /) containing iron—sulphur clusters
(Picaud et al. 2011). FH | transcripts were sixfold
(FDR = 6 x 10™3) more abundant under iron-replete con-
ditions, while FH Il transcripts were sixfold (FDR = 5.1 x
107°) and proteins 7.9-fold (p = 0.08) more abundant
under iron limitation (Figs 2 and 4). The iron-dependent
protein substitutions and acquisition strategies presented
here collectively aid in our understanding of how P. granii
maintains growth under iron stress and efficiently reorga-
nizes its metabolism under iron-replete conditions.

Previous combined transcriptomic and proteomic stud-
ies have also shown consistency with regards to impor-
tant nutrient stress biomarkers in diatoms; both
transcripts and proteins involved in phosphate metabo-
lism and B, acquisition displayed coordinated patterns
under phosphate-limited and Bjo-limited conditions
respectively (Bertrand et al., 2012; Dyhrman et al., 2012).
We provide here additional agreement between gene
expression and protein abundance of photosynthetic
components and iron transporters in P. granii as a func-
tion of iron status. While FLDA and ISIP proteins are
already established bioindicators of iron stress in Thalas-
siosira (Lommer et al., 2012; Chappell et al. 2015; March-
etti et al. 2017), a protein involved in the cytochrome bgf
complex (PETC) and FBA are additional reliable molecu-
lar markers (Fig. 3) and should also be considered when
assessing iron bioavailability in natural Pseudo-nitzschia
populations.

Conversely, a number of genes and proteins involved
in critical metabolic processes lacked consists patterns
between the transcriptome and proteome, including a
number that demonstrated opposite responses to iron-
replete conditions (quadrants Il and IV in Fig. 3). Two dif-
ferent forms of superoxide dismutase enzymes were
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identified, with one requiring copper and zinc (Cu/Zn
SOD) and the other either iron or manganese (Fe/Mn
SOD). Both SODs in the transcriptome increased expres-
sion under iron-replete conditions (by 2.3-fold and
1.9-fold respectively) possibly as a result of iron-induced
photosynthetic production of superoxide radicals (Asada,
2006). Although Cu/Zn SOD protein abundance
increased by twofold under iron-replete conditions, Fe/Mn
SOD protein abundance exhibited an opposite pattern
and increased by 1.9-fold under iron limitation
(Supporting Information Fig. 3). It is difficult to determine
whether this Fe/Mn SOD enzyme relies upon Fe or Mn
as the metal cofactor based on protein sequence alone
(Hunter et al., 2017), although we hypothesize this iso-
form utilizes Mn in its active site to reduce overall cellular
iron demand. Future biochemical analyses are needed to
resolve its metal specificity in P. granii.

Divergent trends were furthermore identified in nitrogen
acquisition pathways, with the nitrate transporter NRT2
and assimilation components ferredoxin-dependent and
NADPH-dependent nitrite reductases (NIRA and NIRB)
not differentially expressed at the gene level, while pro-
tein abundances were appreciably higher under iron-
replete conditions. NIRA and NIRB were two of the most
highly differentially abundant proteins detected under
iron-replete conditions (p = 0.04 and 0.01, respectively,
FPR < 0.05), with NRT2 also 1.8-fold (p = 0.05) more
abundant under iron-replete conditions (Supporting Infor-
mation Fig. S3). There are a number of possible explana-
tions for these discrepancies, including post-
transcriptional and post-translational regulation, and/or
differential mMRNA and protein stabilities and their influ-
ence on RNA and protein inventories (Walworth et al.,
submitted), highlighting the usefulness of examining both
transcripts and proteins whenever possible in order to
fully interpret metabolic responses of diatoms to environ-
mental gradients.

Distinct molecular physiology of P. granii compared to
other model diatoms

Several genes involved in photosynthesis, energy
(i.e., ATP) production, nitrogen assimilation and vitamin
production demonstrated distinctive gene expression pat-
terns to iron availability in P. granii with responses not
uniform across the other model diatoms examined. Tran-
scripts for the gene encoding cytochrome ¢ (PETJ), an
iron-containing protein also involved in photosynthetic
electron transport, were weakly abundant in both iron
treatments in P. granii while transcripts of the gene
encoding the copper-containing functional replacement
for this protein, plastocyanin (PETE) (Peers and Price,
2006) were highly abundant, increasing by 2.4-fold
under iron-replete conditions (Fig. 5). In contrast,
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F. cylindrus demonstrates the opposite response and
more highly expresses the genes PETJ under iron-
replete conditions by 8.7-fold (FDR = 6.5 x 107%°) and
PETE by 2.5-fold under iron-limited conditions
(FDR = 2.7 x 10722). Our results suggest P. granii is
particularly adapted to its chronically iron-limited envi-
ronment and constitutively utilizes PETE, rather than as
a temporary replacement for PETJ under iron limitation
as observed in F. cylindrus.

Additional differences in photosynthetic gene expres-
sion patterns were identified among diatoms despite
growing at a similar degree of iron limitation. Transcripts

for proteorhodopsin (RHO), a putative iron-independent
light-driven proton pump capable of generating energy in
marine microbes (Beja et al., 2000), were more abundant
under iron-limitation in both P. granii (1.7-fold), and
F. cylindrus (16-fold, FDR = 4.1 x 10734 Fig. 5). Previous
reports show RHO gene expression 10-fold higher in
iron-limited P. granii as determined through gPCR tech-
niques, though no qPCR expression data for Fragilariop-
sis is available for comparison (Marchetti et al., 2015).
This larger degree of RHO regulation in F. cylindrus may
indicate differences in rhodopsin mRNA/protein stabilities
between the two groups, though it is also possible that
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light-limited Southern Ocean diatoms depend more
heavily on rhodopsins than temperate diatoms such as
P. granii.

The gene encoding PSI subunit IV (PSAE), involved in
the docking of ferredoxin to PSI (Jeanjean et al., 2008),
was more highly expressed by 3.7-fold (FDR = 0.04) in
P. granii under iron-replete conditions and proteins were
more abundant by 35-fold (p = 0.008, FPR < 0.05), yet
transcripts were more highly expressed by 38-fold under
iron limitation in F. cylindrus (FDR = 6 x 10~'%%; Fig. 5B).
The pattern in P. granii is consistent with low iron-
adapted temperate diatoms decreasing their iron-rich PSI
relative to PSIl ratios (Strzepek et al, 2004) and may
indicate that the open ocean diatom P. granii more effec-
tively rearranges its photosynthetic machinery when
growing under chronic iron limitation as compared to a
polar sea ice diatom, which appears to undergo a differ-
ent re-arrangement of photosynthetic proteins under iron-
limiting conditions. Finally, both P. granii and F. cylindrus
more highly expressed ferredoxin-dependent sulphite
reductase (Fd-SIR) under iron-replete conditions, yet only
F. cylindrus increased gene expression of an alternative
form of this enzyme, NADPH-dependent sulphite reduc-
tase (CYSJ), by 21-fold under iron limitation (FDR = 1 x
10785; Fig. 5).

Although both the NE Pacific Ocean and Southern
Ocean experience iron limitation, F. cylindrus was iso-
lated from the Weddell Sea (64°S, 48°W) where total dis-
solved iron concentrations in the mixed layer can be
20-fold higher than those typical of the HNLC Northeast
Pacific (1 nmol L™" vs. 0.05 nmol L™'; Westerlund and
Ohman, 1991; Boyd and Harrison, 1999). The physio-
chemical environments between the two regions are fur-
thermore vastly different with distinctive light levels,
ranges in temperature, and micronutrient availability all
influencing microbial community functional capabilities.
Even within a particular ecosystem, species can be
adapted to specific microenvironments, a notable exam-
ple being F. cylindrus outcompeting other phytoplankton
under high and constant light levels (Arrigo et al., 2010).
We therefore hypothesize that the dissimilarities in PETE,
PETJ, RHO, PSAE and CYSJ gene expression patterns
between P. granii and F. cylindrus represent pennate
diatom ecotypes that have evolved to their distinct
environments.

Nitrate assimilation is an iron-intensive process with
several proteins involved directly requiring iron as a metal
cofactor (Rueler and Ades, 1987). Several key nitrogen
uptake and assimilation genes were not differentially
expressed under iron-replete conditions in P. granii,
including nitrate reductase (NR), ferredoxin-nitrite reduc-
tase (NIRA) and a nitrate transporter (NRT2; Fig. 4).
Since the transcript abundance of these assimilation
genes increased following iron enrichment in natural
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diatom assemblages of the HLNC Northeast Pacific
Ocean (Marchetti et al., 2012; Cohen et al., 2017a), these
differences may be a result of steady-state versus non-
steady state responses to changes in iron status. We
speculate that transcript levels initially may rise following
pulse iron additions, but later decrease under steady-
state iron-replete conditions once high mRNA levels and
protein pools are established. Under this scenario, natu-
ral communities of iron-limited P. granii would immedi-
ately undergo selective partitioning of iron resources
once iron is resupplied, in which newly acquired iron is
preferentially shunted into iron-requiring pathways that
were previously constrained by low iron availability.

Diatoms utilize the urea cycle for a source of reduced
nitrogen compounds when nitrate is not available (Allen
et al., 2012), and P. granii contains the full pathway in
addition to several urea transporters (Fig. 4). A urea
transporter (UTP) and solute-family carrier 14 (SLC14)
were both more highly expressed in P. granii under iron
limitation by fourfold (FDR = 2 x 107%) and 5.3-fold
(FDR = 3 x 1073) respectively. Although SLC74 is found
in both the T. oceanica and F. cylindrus genomes, it was
not detected in the T. oceanica transcriptome or differen-
tially expressed in F. cylindrus. UTP was similarly not
detected in the T. oceanica genome or F. cylindrus tran-
scriptome (Fig. 5). Urea is converted into ammonium via
the enzyme urease (URE), and this gene was more
highly expressed by 1.7-fold under iron limitation. This is
in contrast to URE gene expression in T. oceanica, which
is 3.2-fold higher under iron-replete conditions (Fig. 5).
The only urea cycle component identified in the proteome
was argininosuccinate synthase (ASSY), and proteins
were more abundant by 2.3-fold under iron-limiting condi-
tions (p = 0.04, FDR < 0.05), although it was not differen-
tially expressed in the transcriptome (Supporting
Information Table S4). P. granii appears to be rather
unigue among the examined diatoms in its urea transport
and degradation under iron limitation, perhaps as a
source of reduced nitrogen to conserve intracellular iron
otherwise needed for iron-rich nitrate reduction.

Vitamin synthesis and cobalamin remodelling

Pseudo-nitzschia granii highly expresses components of
vitamin synthesis and salvage pathways with such gene
expression responses comparatively reduced or absent
in the diatoms F. cylindrus and T. oceanica (Fig. 5). The
thiamine biosynthesis gene THIC (phosphomethylpyrimi-
dine synthase), encoding a 4Fe-4S cluster-containing
enzyme which converts purine intermediates into HMP-P
(4-amino-5-hydroxylmethyl-2-methylpyrimidine), was one
of the most differentially expressed genes in P. granii
with expression 16-fold higher under iron-replete condi-
tons (FDR = 1.9 x 1075 Fig. 5). The thiamine
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biosynthesis module was collectively more highly
expressed by 16-fold under iron-replete conditions ren-
dering it one of the most differentially expressed modules
identified (Supporting Information Fig. S5). THIC was con-
versely not differentially expressed in F. cylindrus, though
was in T. oceanica by 2.3-fold, suggesting oceanic dia-
toms may have a greater need for the gene product HMP-
P following iron enrichment compared to sea ice diatoms
(Fig. 4). The continued expression of thiamine biosynthe-
sis genes despite thiamine being added to the culture
medium suggests P. granii does not have a mechanism to
take up HMP-P from the environment, and continues to
biosynthesize products even when thiamine is present
externally. The THIC gene has not been identified in
diverse and globally abundant haptophytes with available
transcriptomes and genomes, consistent with observations
of haptophyte members utilizing exogenously-acquired
intermediates to fulfill thiamine demands (Gutowska et al.,
2017). These findings support substantial differences in
vitamin utilization strategies between haptophytes and dia-
toms, and even within the diatom lineage, likely influencing
niche differentiation in natural surface plankton communi-
ties, micronutrient recycling patterns and regional microbial
community dynamics.

Several cobalamin synthesis and repair proteins con-
tained within the KEGG cobalamin synthesis module
were identified within the P. granii transcriptome (Fig. 4).
Sequence homology analyses indicate these COB genes
match annotated and unannotated genes within the
F. cylindrus genome as well as other eukaryotic protists
available within NCBI's non-redundant protein database
(E-value < 1073). Noticeably transcripts corresponding to
genes encoding proteins that synthesize the corrin ring
structure of the By, molecule were absent, while most of
the genes involved in the salvage and repair portion of
the pathway were detected (Fig. 4), including cobalt
insertion, adenosylation and o-ribazole attachment.
These genes have also been observed in the metagen-
omes of other non-B>-producing organisms (Rodionov
et al., 2003; Bertrand et al., 2015; Helliwell et al., 2016;
Heal et al., 2017). Although most genes were not differ-
entially expressed as a function of iron status, the gene
COBN (cobaltochelatase), encoding a cobalt insertion
protein and the final synthesis genes COBU (nicotinate-
nucleotide--dimethylbenzimidazole phosphoribosyltrans-
ferase) and COBS (adenosylcobinamide-GDP ribazole-
transferase) were more highly expressed under iron-
replete conditions by 2.5-fold, (FDR = 0.01), 3.6-fold
(FDR = 4 x 1073) and 28-fold (FDR = 0.1) respectively.
COBN and COBU were similarly detected in the
T. oceanica genome and F. cylindrus transcriptome,
though in contrast to P. granii, were not differentially
expressed under iron-replete conditions. In addition to
these cobalamin synthesis and repair genes, all three

diatoms contain a cobalamin acquisition protein (CBA1)
which binds external cobalamin and allows for intracellu-
lar transport (Bertrand et al., 2012, 2015). CBA1 gene
expression was similarly threefold higher under iron-
replete conditions compared to iron limitation in P. granii
(FDR = 0.06; Fig. 4; Supporting Information Table S2).

Faster growth rates in P. granii under iron-replete con-
ditions could be resulting in elevated COB synthesis/
repair and CBA7 gene expression in order to take up
cobalamin directly or process its intermediates from the
environment, which is then primarily used as a cofactor in
the cobalamin-dependent enzyme methionine synthase
(METH) enzyme to synthesize the amino acid methio-
nine. In contrast, F. cylindrus utilizes a cobalamin-
independent version of methionine synthase (METE)
under iron limitation despite cobalamin being supplied to
growth media (Fig. 5; Mock et al., 2017; Paajanen et al.,
2017), with METE absent in both the P. granii transcrip-
tome and T. oceanica genome. METE gene expression is
strongly regulated by cobalamin availability in a variety of
diatoms (Bertrand et al., 2012, 2013, 2015; Ellis et al,,
2017) with iron having little to no influence on gene
expression in laboratory cultures of diatoms Grammo-
nema cf. islandica, also isolated from the NE Pacific
Ocean (Cohen et al., 2017b), Phaeodactylum tricornutum
(Bertrand et al., 2012) or in natural populations of Fragi-
lariopsis from the Southern Ocean (Bertrand et al.,
2015). Given these gene expression responses, it is pos-
sible P. granii uses a cobalamin remodelling and/or repair
of degraded cobalamin approach to fulfill increased vita-
min demands under conditions suited to achieving faster
growth rates, while F. cylindrus instead utilizes METE
under low-iron conditions to meet its methionine require-
ments. Future work is required to determine whether dia-
toms such as Pseudo-nitzschia can use their COB
genes to convert pseudocobalamin to cobalamin when
the necessary organic components are supplied, as has
been shown for other eukaryotic microalgae (Helliwell
et al., 2016), and to clarify the biochemical advantage of
relying upon an energetically costly (Bertrand et al.,
2013), yet cobalamin-independent, isoform of the methio-
nine synthase enzyme (METE) under low iron conditions,
as occurs in F. cylindrus.

In summary, using a combined transcriptomic and pro-
teomic approach, we have identified several strategies
utilized by the low-iron adapted diatom P. granii when
reorganizing metabolic processes as a function of iron
status. These gene expression and protein abundance
patterns contribute to our understanding of how P. granii
sustains relatively fast growth during periods of chronic
iron limitation and rapidly restructures its cellular machin-
ery in response to iron resupply to quickly become a
dominate member of an iron-stimulated phytoplankton
community.
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Experimental procedures
Iron-replete and iron-limited culture conditions

The pennate diatom Pseudo-nitzschia granii (UNC1102)
used in both transcriptomic and proteomic analyses was
isolated from naturally iron-limited waters of the North-
east Pacific Ocean at Ocean Station Papa (OSP; 50°N,
145°W) in 2011. The isolate was identified through
sequencing of the 18S rDNA and ITS1 regions (acces-
sion numbers KJ866907 and EU051654 respectively).
Growth data from P. granii UWOSP36, the oceanic dia-
tom T. oceanica CCMP 1003 and coastal diatom
Pseudo-nitzschia multiseries CLN-47 were retrieved from
Marchetti et al. (2009), grown under the same culture
conditions to serve as comparisons of growth rates under
varying iron availability (Fig. 1).

Cultures were maintained in the artificial seawater
medium Aquil using trace metal clean (TMC) techniques
according to Marchetti et al. (2006). For media prepara-
tion, 2 liter (L) aliquots of Aquil were placed into acid-
cleaned, Milli-Q (18.2 MQ-cm) H,O-rinsed polycarbonate
bottles. Dispensed seawater was supplemented with
filter-sterilized (0.2-um Acrodisc) ethylenediaminetetraa-
cetic acid (EDTA)-trace metals (without iron) and vitamins
(cobalamin, thiamine and biotin) according to Price et al.
(1989). Trace metal concentrations were buffered using
100 pmol L~" of EDTA. Aquil medium macronutrient con-
centrations were 300 pmol L™ nitrate, 10 umol L=" phos-
phate and 100 pmol L™ silicic acid.

For transcriptomic and proteomic analyses, P. granii
cultures were grown in Aquil medium within 4 L acid-
cleaned, Milli-Q H,O-rinsed modified polycarbonate
flasks that permitted TMC subsampling. Iron-replete
treatments (+Fe) were prepared by adding 1370 nmol L™
of total iron (Fet) in a 1:1 Fe:EDTA solution to Aquil
medium, corresponding to a dissolved inorganic iron con-
centration of 2.7 nmol L™' (Marchetti et al., 2009). To
growth limit P. granii by iron (=Fe), 200 nmol L™ of the
iron chelator desferroxiamine B (DFB) was added to
1.5 nmol L™" Fer, yielding an Fe concentration close to
0.02 pmol L™ (Strzepek et al., 2012). The Fe:DFB solu-
tion was allowed to equilibrate overnight before being
added and the Aquil medium was also left to equilibrate
overnight before use. The large cultures were grown
under a continuous, saturating photon flux density of
110 pmol photons m™ s~'. The length of experiments
was typically between 5 and 15 days, depending on the
iron treatment. P. granii cultures were maintained at
12°C and stirred for the duration of the experimental
periods to prevent cells from settling. Subsamples were
withdrawn daily under a TMC laminar flow hood to moni-
tor growth rates and changes in cell density, as well as to
ensure cells remained in the exponential growth phase
throughout the experimental period.
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Iron status was determined in the P. granii experiments
through measuring growth and maximum photochemical
yields of PSII (F,:F,). Growth rates were calculated by
measuring changes in the natural log of in vivo fluores-
cence over time using a Turner Designs model 10-AU
fluorometer, as described in (Brand et al., 1981). F,:F,
was obtained by measuring fluorescence induction with a
Satlantic FIRe fluorometer (Gorbunov and Falkowski
2005). Before each measurement, a subsample (5 ml) of
each culture was placed in the dark for 20 min. A short,
saturating pulse of blue light (450 nm) was applied to
dark-acclimated phytoplankton for a 100 ps duration to
measure fluorescence induction from minimum (F,) to
maximum (Fy,) fluorescence yields. F, and F, were used
to estimate F,:Fp, from (Fm — Fo) Fm~'. Values were cal-
culated for each culture upon harvesting during the mid-
exponential growth phase. Measurements were per-
formed using multiple-turnover flash (MTF).

Transcriptomic analysis

Pseudo-nitzschia granii cells in 1 L of culture medium
were harvested for RNA analysis from both iron-replete
and iron-limited conditions while in late-exponential
phase. Cells were directly collected onto 3 pm polycar-
bonate filters (Millipore; 25 mm) using vacuum filtration
and immediately stored at -80°C until RNA extractions
were performed using the RNAqueous 4-PCR kit
(Ambion) following manufacturer’s protocols. To remove
DNA contamination, RNA was incubated with deoxyribo-
nuclease (DNase) | at 37°C for 45 min and purified with
DNase inactivation reagent (Ambion). RNA concentra-
tions were measured using a NanoDrop spectrophotome-
ter, and samples containing concentrations < 100 ng pl~"
were concentrated using the RNeasy MinElute Cleanup
Kit (Qiagen). Quantitative PCR (gPCR) with the RNA
samples was performed to test for DNA contamination
levels, and samples with amplification of DNA products
were given an additional round of the DNase incubation.

For transcriptomic sequencing, total RNA was pre-
pared with the lllumina TruSeq Stranded mRNA Library
Preparation Kit. RNA from three replicate cultures of iron-
replete treatments and two replicate cultures of iron-
limited treatments were separately prepared for sequenc-
ing. Barcoded samples were sequenced on a single
shared lane of lllumina MiSeq (150 bp, paired-end).
Sequencing statistics are provided in Supplemental
Table S1. The P. granii RNA-seq data reported here has
been deposited in the National Center for Biotechnology
(NCBI) sequence read archive under accession number
SRP131929.

Raw reads were trimmed of poor quality bases and
adapters using Trimmomatic v0.32 (paired-end mode,
adaptive quality trim with 40 bp target length and
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strictness of 0.6, minimum length of 36 bp; Bolger et al.,
2014). Trimmed reads from both treatments were assem-
bled into a single de novo transcriptome using Trinity
v2.2.0 (Grabherr et al, 2011). Read counts were
obtained by mapping raw reads to assembled contigs
with bowtie2 v2.2.6 (end-to-end alignment; Langmead
and Salzberg, 2012). Protein-coding regions were pre-
dicted using GeneMark-S-T (Tang et al., 2015). Func-
tional annotations were assigned based on sequence
homology to proteins in the Kyoto Encyclopedia of Genes
and Genomes database (KEGG; Release 75) via
BLASTp v2.3.0 with an Expect (E)-value cutoff of 1073
(Altschul et al., 1990).

All read counts corresponding to identical functional
genes, or KEGG Orthology (KO) entries, were summed
together. For genes without KO assignments but posses-
sing an annotated gene definition according to KEGG
(e.g., ISIPs, RHO), read counts corresponding to these
definitions were summed. For pathway-level analysis,
read counts corresponding to KOs contained within each
KEGG module were summed. EdgeR v3.12.0 was used
to calculate normalized counts, fold change and counts-
per-million (CPM; estimated transcript abundance) from
pairwise comparisons between iron-replete and iron-
limited samples. A general linear model was used to esti-
mate the tag-wise common dispersion followed by a likeli-
hood ratio test to assess differential expression
(Robinson and Smyth, 2008; Robinson et al., 2010).
Genes determined to be differentially expressed
(p < 0.05) were adjusted for false positives using the
Benjamini-Hochberg multiple correction test in edgeR
(FDR < 0.05).

The P. granii transcriptomes under iron-replete and
iron-limited conditions were compared to those of
Thalassiosira oceanica CCMP1005 and Fragilariopsis
cylindrus CCMP1102. The publicly available iron-replete
T. oceanica assembled transcriptome, generated using
Roche 454 pyrosequencing, was obtained from the
NCBI (bioproject accession number PRINA73029; Lom-
mer et al., 2012). T. oceanica raw reads corresponding
to iron-replete and iron-limited cultures were obtained
from NCBI using accession numbers SRX096487 and
SRX096488. The F. cylindrus transcriptome was assem-
bled using publicly available raw reads from iron-replete
and iron-limited culture experiments, generated using lllu-
mina Hiseq 2000, and obtained through ArrayExpress
(sample number E-MTAB-5024; Mock et al., 2017). Simi-
lar to P. granii, de novo assemblies were created with
F. cylindrus reads by first trimming with Trimmomatic
v.0.32 and later assembling using Trinity v2.2.0. To
generate quantitative count information for T. oceanica
and F. cylindrus, raw reads from both iron treatments
were mapped to respective transcriptomes using the
aligner bowtie2. Transcriptomes were assigned functional

annotation based on sequence homology to proteins in
the KEGG database via BLASTx v2.3.0 with an E-value
cutoff of 1073, Differential expression in F. cylindrus
was assessed using an identical method as used with
P. granii: the generalized linear model approach with esti-
mated tagwise dispersions and a likelihood ratio test. Sta-
tistical significance in differential expression between iron
treatments in T. oceanica was not estimated due to lack
of biological replication and therefore only a qualitative
analysis was performed. R packages (R Foundation for
Statistical Computing, 2016) used for processing of bioin-
formatic data and visualization include SegKit (Shen
et al., 2016), caroline, VennDiagram (Chen and Boutros,
2011), ggplot2 (Wickham, 2009), pheatmap, RColor-
Brewer (Neuwirth, 2014) and viridis. Pseudo-nitzschia
granii assembled contigs, read counts and KEGG anno-
tations are available at marchettilab.web.unc.edu/data.

Global proteomic approach

Pseudo-nitzschia granii cultures were grown in duplicate
4 L acid-cleaned polycarbonate bottles under acclimated
iron-replete and iron-limited conditions using the culture
methodology described previously. After reaching mid to
late exponential growth phase, all cells were filtered onto
0.45 pm polyethersulphone filters (0.45 pm, 47 mm), re-
suspended in 5 ml of Aquil filtrate, and centrifuged
(12 000 rpm) into pellets that were immediately frozen at
—80°C until analysis.

Protein was extracted from cell pellets in 4 ml of SDS
Lysis Buffer (1% SDS, 0.1 M Tris/HCL (pH 7.5), 10 mM
EDTA) and heated at 95°C for 10 min. Cell debris was
pelleted at 2057 rcf for 30 min and transferred superna-
tant was concentrated to 400 pl using 5000 MWCO
Vivaspin filtration units (Sartorius, UK). Concentrated pro-
teins were precipitated overnight at —20°C in 50% MeOH,
50% acetone and 0.5 mM HCI at a ratio of 1:4 protein:
MeOH/acetone. Precipitated proteins were centrifuged at
14 100 rcf, dried for 10 min in a Thermo DNA 110 Speed-
Vac, and resuspended in SDS lysis buffer. Protein yield
was determined using the BioRad DC Protein Assay.
Protein digestion was performed using a modified tube
gel method according to Bender et al., 2018. Briefly, pro-
tein was reduced, alkylated and digested with a 1:20 tryp-
sin: protein ratio. Tryptic peptides were analysed via
liquid chromatography tandem mass spectrometry
(LC/MS/MS) using a Michrom Advance HPLC system
with reverse phase chromatography coupled to a Thermo
Scientific Q-Exactive Orbitrap ion-trap mass spectrometer
with a Michrom Advance CaptiveSpray source (1 pl min™
flowrate, C18 column). Each sample was concentrated
onto a trap column (0.2 x 10 mm ID, 5 pm particle size,
120 A pore size, C18 Reprosil-Gold, Dr. Maisch GmbH)
and rinsed with 100 pl 0.1% formic acid, 2% acetonitrile
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(ACN), 97.9% water before gradient elution through
a reverse phase C18 column (0.1 x 250 mm ID, 3 pm
particle size, 120 A pore size, C18 Reprosil-Gold,
Dr. Maisch GmbH) at a flow rate of 500 nL min~". The
chromatography consisted of a nonlinear 150 min gradi-
ent from 5% to 95% buffer B, where A was 0.1% formic
acid in water and B was 0.1% formic acid in ACN (all
solvents being Fisher Optima grade). The mass spec-
trometer monitored MS1 scans from 380 to 1580 m/z at
70 K resolution. MS2 scans were performed on the top
10 ions with an isolation window of 2.0 m/z and a 15 s
exclusion time.

Mass spectra were searched against the P. granii
translated transcriptome using Proteome Discoverer’s
SEQUEST algorithm (Thermo) with a fragment tolerance
of 0.02 Da and parent tolerance of 10 ppm. Identification
criteria consisted of a peptide threshold of 91% and pro-
tein threshold of 99% (two peptides minimum), corre-
sponding to a false discovery rate (protein FDR) of 1.0%.
Visualization and processing of MS/MS proteomics data
were performed using Scaffold 3 (version 4.8.4, Prote-
ome Software). In cases of nonunique reference contigs
where protein sequences completely overlap, Scaffold
assigns peptides and associated spectral counts to only
one protein. Spectral counts were divided by protein
length to yield normalized spectral abundance factor
scores and were subsequently normalized by total counts
per sample in Scaffold (NSAF). Similar to the transcrip-
tomic analysis, all NSAF scores associated with contigs
having identical KO annotations were summed together.
The P. granii mass spectrometry proteomics data has
been deposited to the ProteomeXchange Consortium
through the PRIDE repository (Vizcaino et al, 2016)
under accession number PXD009698.

Differential abundance of proteins between iron treat-
ments was determined using the PLGEM R package in
step-by-step mode with normalized spectral counts
(NSAF; Pavelka et al., 2004, 2008). PLGEM describes the
relationship between the standard deviation and mean of
the normalized spectral counts, and in our analysis the
model fit the data moderately well with a slope of 0.61,
adjusted r# of 0.96 and Pearson correlation of 0.73. Pro-
teins were considered significantly differentially abundant
between treatments if estimated false positive rates, based
on p-values calculated from signal-to-noise ratios, were
below 0.05. In our study with 805 proteins considered, an
estimated FPR of 0.05 may result in up to ~40 proteins
falsely labelled differentially abundant due to chance
(Pavelka et al., 2008). This method has previously been
applied to marine laboratory proteomic experiments
(Walworth et al, 2016; Saunders et al., 2017). KEGG-
annotated proteins (KOs) with normalized spectral counts
of zero were artificially increased to a trivial value of 0.5 to
allow for fold-change estimations between treatments.
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The one dimensional chromatographic approach applied
to this study was suitable for examining changes in protein
abundance between treatments using spectral counting.
Future efforts for increased depth of protein detection is
also possible using two dimensional chromatographic
approaches if depth of coverage is the primary goal. The
global proteomic approach is most useful in comparing rel-
ative protein abundance between treatments and caution
should be taken when comparing absolute abundances
across proteins. Tryptic peptide biases are introduced dur-
ing protein digestion that may result in large proteins with
many tryptic peptides having higher counts associated
with them as compared to similar abundances of small
proteins with fewer tryptic peptides. To more accurately
compare concentrations of different proteins within a treat-
ment, a targeted approach is recommended which relies
upon isotopically-labelled peptide standards (Saito et al.,
2014; Mackey et al., 2015).
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Exponential phase growth curves depicted as the
natural log of raw fluorescence versus time, specific growth
rates (p) and maximum photochemical yield of PSIl (Fy:Fp,)
of iron-replete (black) and iron-limited (white) P. granii cul-
tures grown for transcriptomic sequencing (A) or proteomic
analyses (B). Circles represent biological replicate 1, trian-
gles replicate 2, and squares replicate 3. Asterisk denotes a
significant difference between treatments based on a paired
t-test (p < 0.05).

Fig. S2. Heatmap displaying log, normalized transcript
counts obtained via edgeR (trimmed mean of M values
[TMM]) for genes of interest across iron-replete (+Fe) and
iron-limited (—Fe) P. granii samples. Row labels are distin-
guished by biological replicates in the iron-replete treatments
(n = 3) and iron-limited treatments (n = 2). Genes of interest
are grouped by iron (red), nitrogen (green) or vitamin-related
(purple) metabolism. Genes encoding proteins involved in
other metabolic processes are labelled in black. Dendrogram
reflects similarity in transcript abundances across treatments
and replicates based on Euclidean distance and hierarchical
clustering, created with the R packages pheatmap and viri-
dis. Grey boxes indicate transcripts were not detected. See
Fig. S4 for full list of gene names.

Fig. S3. Normalized transcript counts (edgeR’s trimmed
mean of M values [TMM]) and normalized spectral abun-
dance factor scores (NSAF) for proteins of interest detected
in both the P. granii transcriptome (A) and proteome
(B) shown on a log;o scale separated by iron treatment.
Asterisks denote a statistically significant difference between
treatments (edgeR’s likelihood ratio test, FDR < 0.05 or
PLGEM, estimated FPR < 0.05). Error bars represent the
standard deviation between biological triplicates (Fe-replete)
and biological duplicates (Fe-limited) in the transcriptome
and biological duplicates for both treatments in the prote-
ome. See Fig. S4 for full list of gene names.

Fig. S4. Alignment of ferredoxin (PETF) amino acid
sequence identified within the P. granii transcriptome com-
pared to PETF from other examined diatom species within
the MMETSP database (A). Alignment was created using
MUSCLE within Geneious version 5.6.4 (Edgar 2004). Resi-
dues are colour-coded by blosum62 score matrix similarity
(threshold = 5); residues with 100% similarity are repre-
sented in green, 80%—-100% in gold, 60%—80% in yellow,
and less than 60% in white. Iron-binding cysteine residues
are outlined in black (Bertini et al. 2002; Groussman et al.,
2015). Pseudo-nitzschia granii PETF secondary structure
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and protein model was obtained using Phyre2 (B), with «
helices in pink, § sheets in yellow and turns in blue; 99.8%
confidence and 47% identity to the 2Fe-2S ferredoxin-related
family (Kelley et al., 2015).

Fig. S5. MA (log ratio vs. mean average) plot displaying
module expression (based on transcripts) between accli-
mated iron-replete (+Fe) and iron-limited (—Fe) treatments.
Normalized counts corresponding to individual genes (KOs)
were summed by module; each point on the plot corre-
sponds to a unique KEGG module. Modules are coloured
based on class 2 and class 3 KEGG groupings. Log, sumA
represents the average of normalized count abundance
between treatments. Points increase in size with higher per-
centages of module completeness. Some modules corre-
sponding to vitamin synthesis (purple) and metal transport
(red) are labelled.

Fig. S6. Example MS1 chromatograms and MS2 fragment
ions for putative biomarker peptides of the iron complex
transport system substrate-binding protein ABC.FEV.S (A,
contig ID: TR27940Ic2_g3_i1), iron starvation induced pro-
tein 1 (B, contig ID: TR12112Ic0_g1_i1), and flavodoxin (C,
contig ID: TR29638Ic1_g1_i1). MS1 filtering was performed
in Skyline (Schilling et al., 2012). The ABC.FEV.S and flavo-
doxin peptides shown here contained methionine and cyste-
ine modifications respectively. Multiple variants of these
peptides were detected with each containing different

modifications, though all increased in peak area abundance
under low iron limitation.

Fig. S7. Representation of overall cellular metabolism visual-
ized using iPath software (http:/pathways.embl.de) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way information for P. granii transcripts (A) and proteins
(B) with twofold increases in expression under iron-replete
(red) or iron-limited (cyan) conditions, as described in Nunn
et al. (2013).

Supplemental Table S1. llumina Miseq transcriptomic
sequencing statistics.

Supplemental Table S2. Pseudo-nitzschia granii differen-
tial gene expression results between the acclimated +Fe
and —Fe treatments.

Supplemental Table S3. Pseudo-nitzschia granii normal-
ized spectral abundance factor (NSAF) scores in the
acclimated +Fe and —Fe treatments.

Supplemental Table S4. Pseudo-nitzschia granii differen-
tial gene expression and protein abundance results
between the +Fe and —Fe treatments obtained using the
edgeR log ratio test (LRT) (transcriptome) or power law
global error model (proteome).

Supplemental Table S5. Putative peptide biomarkers of
iron stress in Pseudo-nitzschia granii.
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