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Iron availability limits primary productivity in
large areas of the world’s oceans. Ascertaining the
iron status of phytoplankton is essential for
understanding the factors regulating their growth
and ecology. We developed an incubation-
independent, molecular-based approach to assess
the iron nutritional status of specific members of
the diatom community, initially focusing on the
ecologically important pennate diatom Pseudo-
nitzschia. Through a comparative transcriptomic
approach, we identified two genes that track the
iron status of Pseudo-nitzschia with high fidelity. The
first gene, ferritin (FTN), encodes for the highly
specialized iron storage protein induced under iron-
replete conditions. The second gene, ISIP2a,
encodes an iron-concentrating protein induced
under iron-limiting conditions. In the oceanic
diatom Pseudo-nitzschia granii (Hasle) Hasle,
transcript abundance of these genes directly relates
to changes in iron availability, with increased FTN
transcript abundance under iron-replete conditions
and increased ISIP2a transcript abundance under
iron-limiting conditions. The resulting ISIP2a:FTN
transcript ratio reflects the iron status of cells,
where a high ratio indicates iron limitation. Field
samples collected from iron grow-out microcosm
experiments conducted in low iron waters of the

Gulf of Alaska and variable iron waters in the
California upwelling zone verify the validity of our
proposed Pseudo-nitzschia Iron Limitation Index,
which can be used to ascertain in situ iron status
and further developed for other ecologically
important diatoms.
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Iron is predicted to be the primary limiting nutri-
ent to phytoplankton growth within ~30%–40% of
our oceans (Moore et al. 2002, Moore and Braucher
2007). In many oceanic regions, phytoplankton
growth rates are chronically iron limited due to a
low supply to surface waters (Johnson et al. 1997).
In coastal regions where iron concentrations are
variable, there is often extensive spatial and tempo-
ral patchiness in phytoplankton biomass due to
ephemeral inputs of iron either from enhanced
upwelling, mixing with high iron coastal waters
and/or atmospheric deposition (Bruland et al.
2001, Moore and Braucher 2008). Diatoms are
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particularly susceptible to iron limitation, and a
mechanistic understanding of ways that diatoms
cope with low iron availability and respond rapidly
to iron enrichment has come from a combination
of field studies as well as studies with model species
under controlled laboratory conditions (see review
in Marchetti and Maldonado 2016). Iron-limited
diatoms have reduced chlorophyll contents, photo-
synthetic efficiencies, and rates of N assimilation,
attributes that contribute to reduced growth rates
but are not specific to iron limitation.

Currently, nutrient amendment bioassays are the
primary method used to elucidate the physiological
status of natural phytoplankton communities. How-
ever, this approach requires an a priori assumption
of the environmental factors regulating phytoplank-
ton growth at each sampled point in space and time
following a period of incubation. Incubation experi-
ments that test whether iron is a limiting factor are
time consuming and are often plagued by bottle
artifacts (Scarratt et al. 2006). Iron measurements
are confounded by complex iron speciation and the
diversity of compounds that bind iron present
within seawater, potentially influencing its biological
availability (Bruland et al. 2014). A significant
advancement would be the development of incuba-
tion-independent methods that evaluate iron nutri-
tional status of select ecologically dominant
members of a mixed phytoplankton community.

When iron limited, phytoplankton cells may tem-
porarily replace iron-requiring proteins with less
efficient iron-free functional equivalents to mini-
mize their iron demands, including the well-
described alternation between the iron-containing
photosynthetic electron transfer protein ferredoxin
and the iron-free version flavodoxin (La Roche
et al. 1995, McKay et al. 1997). Most cultured iso-
lates of diatoms preferentially use ferredoxin when
grown under iron-replete conditions (McKay et al.
1999, Pankowski and McMinn 2009, Lommer et al.
2010). Therefore, the ratio of expressed ferredoxin
protein relative to the combined ferredoxin and
flavodoxin protein concentrations (known as the Fd
index) has been employed as a measure of iron
stress in bulk phytoplankton communities where a
low ratio infers iron limitation (La Roche et al.
1996, Erdner and Anderson 1999). In addition, the
examination of flavodoxin transcript abundance to
infer the in situ iron status of specific diatoms has
also been proposed (Chappell et al. 2015).

Although widely implemented, there are reported
inconsistencies between laboratory and field studies
when using the Fd index to elucidate iron status.
For example, during the large-scale iron-enrichment
experiment, IronExII, only flavodoxin was detected
following iron enrichment, with no evidence of
ferredoxin in any of the samples (Erdner and
Anderson 1999). During the SERIES iron-enrich-
ment experiment in the NE Pacific Ocean, expres-
sion of flavodoxin protein increased following

iron enrichment rather than decreased, once again
yielding unanticipated results (Boyd et al. 2005).
Similarly, gene expression of flavodoxin in diatom
populations increased substantially following iron
enrichment within a comparative metatranscrip-
tomic experiment in the same region, with very few
transcripts of diatom ferredoxin detected (Marchetti
et al. 2012). Lastly, there have been reported cases
that many dominant, ecologically important diatoms
constitutively use flavodoxin, either not expressing
or having lost the ferredoxin gene altogether (Pan-
kowski and McMinn 2009). Some diatoms contain
multiple copies of flavodoxin, where only certain iso-
forms are differentially expressed in relation to iron
status, further complicating its utility as an indicator
of iron status (Whitney et al. 2011). Taken together,
these studies suggest constitutive expression of flavo-
doxin in some oceanic diatoms may be common
with little or no dependence on ferredoxin after the
addition of iron to chronically iron-limited diatom
communities. If this is indeed the case, the use of
the Fd index as a measure of iron stress can be mis-
leading and should be implemented with caution.
We have developed an incubation-independent

molecular-based approach to assess the iron status
of specific members of the phytoplankton commu-
nity through querying the expression patterns of
two iron-responsive genes. Our initial efforts have
focused on Pseudo-nitzschia, a cosmopolitan pennate
diatom genus that often exhibits large responses to
iron enrichment and may produce the neurotoxin
domoic acid (Bates et al. 1998). We performed a
combination of laboratory and field experiments
conducted within natural waters exhibiting either
chronically low or variable iron concentrations
where Pseudo-nitzschia is often a dominant member
of the diatom community to validate our proposed
Pseudo-nitzschia Iron Limitation Index (Ps-n ILI). We
provide experimental evidence that further supports
for the expansion of this molecular approach to
other ecologically important diatoms found within
different low iron regions, such as the Southern
Ocean diatom Fragilariopsis kerguelensis.

MATERIALS AND METHODS

Algal culture conditions. Pseudo-nitzschia granii UWOSP36
was obtained from Ocean Station Papa (OSP; 50° N, 145° W)
in the Northeast Pacific Ocean (18S GenBank accession num-
ber KJ866907) in 2008. Cells were grown and maintained in
acid-washed 28 mL polycarbonate centrifuge tubes at 12°C in
semicontinuous batch cultures (Brand et al. 1981). All cul-
tures were grown in Aquil medium using trace metal clean
(TMC) techniques (Price et al. 1989). Macronutrients were
added to Aquil medium in final concentrations of
300 lmol � L�1 NO3, 10 lmol � L�1 PO4, and 200 lmol � L�1

Si(OH)4 to achieve macronutrient-replete growth. For media
preparation, 2 L aliquots of Aquil were placed into acid-
cleaned, Milli-QTM (18.2 MΩ � cm�1) H2O-rinsed polycarbon-
ate bottles. Dispensed seawater was sterilized by microwaving,
then cooled and supplemented with filter-sterilized (0.2 lm
Acrodisc) ethylenediaminetetraacetic acid (EDTA)-trace
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metals (without iron) and vitamins (cobalamin, thiamine,
and biotin) according to Price et al. (1989). Trace metal con-
centrations were buffered using 100 lmol � L�1 of EDTA.
Premixed iron-EDTA (1:1) was added separately at various
total FeCl3 concentrations between 1.5 and 12.9 nmol � L�1

or 1,370 nmol � L�1 to achieve iron-stressed/iron-limited cells
or iron-replete cells, respectively. Predicted dissolved inor-
ganic iron (Fe) concentrations (from MINEQL v. 4.6; Envir-
onmental Research Software, Hallowell, ME, USA) ranged
from 3 to 26 pmol � L�1 for the low iron medium and
2.74 9 103 pmol � L�1 for the high iron medium (Table S1
in the Supporting Information). Media were allowed to equi-
librate overnight before use and were stored in a TMC room.
For the iron gradient experiment, cultures were grown on
rotator tables under a continuous, saturating photon flux
density of 150 lmol photons � m�2 � s�1 using soft-white fluo-
rescent lights. Cell division in each iron treatment was consid-
ered acclimated when growth rates of successive transfers did
not vary by more than 10% (typically 4–5 transfers). Although
sterile techniques were used for all culture work to minimize
bacterial contamination, cultures were not considered axenic.

To examine the effects of varying light and macronutrients
(either Si or N) on the Pseudo-nitzschia ILI (see further
description below), iron-replete (1,370 nmol � L�1 FeCl3) or
iron-limited (1.5 nmol � L�1 FeCl3) cultures were grown in
2 L modified polycarbonate bottles with Teflon tubing to per-
mit TMC subsampling at light levels of 60 lmol pho-
tons � m�2 � s�1 (low light), 150 lmol photons � m�2 � s�1

(growth saturating light), or 400 lmol photons � m�2 � s�1

(high light) using soft-white fluorescent lights and adjusted
macronutrient concentrations of either 50 lmol � L�1 Si
(OH)4 (resulting in Si depletion at stationary phase) or
50 lmol � L�1 NO3 (resulting in N depletion at stationary
phase). All other Aquil components were kept constant as
previously described. For the stationary time points, cultures
were permitted to enter stationary phase for 2 d as assessed
by a plateauing of relative chlorophyll a fluorescence. To
ensure cells were in stationary phase due to either Si or N
depletion (depending on the treatment), a subsample was
spiked with either Si or N and chlorophyll a fluorescence was
measured after 24 h to determine the impact on cell growth.

Fragilariopsis kerguelensis (O’Meara) Hustedt C L26-C5 was
obtained from the Atlantic Sector of the Southern Ocean
(48° S, 16° W) in 2009 (18S GenBank accession number
KJ866919). Cells were maintained under similar conditions as
described for P. granii except cultures were grown at 4°C,
light levels of 10 lmol photons � m�2 � s�1 (low light) and
90 lmol photons � m�2 � s�1 (saturating light), and iron-lim-
ited growth was achieved at total iron concentrations of
3.1 nmol � L�1 FeCl3.

Growth characterization. Specific growth rates were calcu-
lated from the linear regression of the natural log of in vivo
chlorophyll a fluorescence (using a Turner designs model 10-
AU fluorometer, in vivo chlorophyll optical kit) versus time
during the exponential growth phase of acclimated cells after
confirming a proportional relationship between fluorescence
and cell concentration (Brand et al. 1981). The response of
maximum photochemical yield of PSII (Fv:Fm) to variations in
iron concentrations and light levels was measured from fluo-
rescence-induction measurements performed on cells in mid-
exponential phase using a Walz Phyto-PAM fluorometer
(P. granii) or a Satlantic FIRe (Fragilariopsis kerguelensis).
Before each measurement, a subsample (5 mL) of each cul-
ture was placed in the dark for 20 min. For Pseudo-
nitzschia granii, the constant fluorescence of dark-acclimated
phytoplankton (Fo) was measured using modulated light at a
low intensity (5 lmol quanta � m�2 � s�1) to avoid the reduc-
tion in the PSII primary electron acceptors. The maximal fluo-
rescence yield (Fm) was induced by a short (200 ms) saturating

pulse of light (3,500 lmol quanta � m�2 � s�1) to trigger the
reduction in all PSII plastoquinone pools. Fv:Fm was calculated
as described in Schreiber et al. (1986) after the subtraction of
a 0.2 lm filtered Aquil seawater blank. For F. kerguelensis, Fv:Fm
were measured from fluorescence-induction measurements per-
formed using a Satlantic FIRe (Kolber et al. 1998, Gorbunov and
Falkowski 2005). The resulting Fv:Fm was derived from the induc-
tion profile using a saturating pulse (20,000 lmol pho-
tons � m2 � s�1) for a duration of 100–200 ls. The average of at
least 10 iterations was obtained. Statistical analyses of growth
rates and photophysiological data were performed with Sigma-
Plot 12.5 (Systat Software Inc., San Jose, Ca, USA). To test for sig-
nificant differences between treatments, analysis of variance
(ANOVA) was performed with a significance level set to
P < 0.05. ANOVA also tests for normality using Shapiro-Wilk and
Equal Variance tests. Post hoc Tukey tests were performed to
determine which treatments differed significantly.

Comparative transcriptomics in Pseudo-nitzschia granii. The
P. granii transcriptomes used here were sequenced to be
included as reference libraries for annotation of environmen-
tal sequences obtained from an iron-enrichment experiment
conducted at OSP (Marchetti et al. 2012), however, differen-
tial expression analysis of P. granii genes was not previously
examined. Comparative transcriptomics were used to exam-
ine the whole cell gene expression response of iron-limited
P. granii cells to a resupply of iron. To obtain enough mRNA
for the 454 pyrosequencing and SOLiD sequencing, mRNA
from three 20 L culture experiments was pooled. Iron-limited
cells were collected both immediately prior to and 24 h fol-
lowing an iron resupply (herein referred to as iron-resupplied
cells; Fig. S1 in the Supporting Information). Cells were col-
lected onto 3.0 lm polycarbonate filters, immediately frozen
in liquid nitrogen and stored at �80°C. RNA was extracted
from thawed filters using the ToTALLY RNA extraction kit
(Ambion� Thermo-Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocols with the additional
step that filter pieces were first vortexed in 7 mL of denatura-
tion solution containing 0.5 mL of glass beads and the result-
ing lysate was centrifuged at 8,801 g and 4°C for 3 min. The
RNA was then incubated with deoxyribonuclease (DNase) I at
37°C for 45 min and purified by DNase I inactivation reagent.
RNA concentrations were measured using a Nanodrop spec-
trophotometer. Polyadenosine [poly(A)+] RNA (mRNA) was
isolated with the MicroPoly(A) Purist Kit (Ambion� Thermo-
Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions.

A combination of high-throughput sequencing platforms
was used for sequencing, resulting in a single 454 sequence
library from iron-resupplied cells and SOLiD sequence
libraries from both iron-limited and iron-resupplied cells. For
454 pyrosequencing 10 lg of iron-resupplied P. granii mRNA
was reverse transcribed into ds cDNA and sequenced using
protocols as described in Marchetti et al. (2012). For SOLiD
sequencing, 2.1 lg (iron limited) and 1.4 lg (iron resup-
plied) of P. granii ds cDNA were fragmented to an average
size of 125 bp using a Covaris S2 System sonicator. The cDNA
was then end-repaired using Polishing Enzymes 1 and 2
(Applied Biosystems� Thermo-Fisher Scientific, Waltham,
MA, USA) to create blunt ends according to the SOLiD pro-
tocol. P1 and P2 adaptors were ligated to the cDNA, and the
cDNA was nick-translated. PCR amplification was performed
using 5 cycles and 2 cycles for iron-resupplied and iron-lim-
ited P. granii cDNA, respectively. The amplified cDNA frag-
ments were purified using the PureLink PCR Purification Kit
Invitrogen� Thermo-Fisher Scientific, Waltham, MA, USA.
Each sample was diluted to 60 pg � lL�1. Two and four emul-
sion PCRs were performed for iron-resupplied and iron-lim-
ited P. granii cDNA, respectively. Forty-one million beads of
each sample were loaded onto two spots of an eight spot
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slide, and run on an Applied Biosystems SOLiD sequencer
version 3 Plus.

Protocols for sequence processing and clean-up are pro-
vided in Marchetti et al. (2012). Potential function of 454
reads was assigned based on best homology (BLASTx, e-value
≤10�3) to proteins within the Kyoto Encyclopedia of Genes
and Genomes (KEGG). SOLiD reads were aligned to the
iron-resupplied P. granii 454 reads to generate count data.
Differential expression analysis was performed using the
EdgeR method as outlined in Marchetti et al. (2012). All
P. granii 454 sequences are deposited at NCBI’s Sequence
Read Archive under study accession number SRP006906.

Gene expression (laboratory cultures). Pseudo-nitzschia granii
gene fragments for ferritin (FTN), iron-starvation-induced pro-
tein 2a (ISIP2a), and actin (ACT) were obtained from the
P. granii 454 reads based on KEGG annotations and direct
sequence searches. Full-length sequences for each target gene
were constructed through assembly of SOLiD sequences with
Velvet using the 454 read fragments as scaffolds. Primers for
reverse transcription quantitative polymerase chain reaction
(qPCR) were developed using Primer3 and tested using PCR,
gel electrophoresis, and PCR product sequencing (Table S2 in
the Supporting Information). RNA was extracted from thawed
samples collected under the different iron and light treatments
previously described using the RNAqueous-4PCR extraction kit
(Invitrogen) according to the manufacturer’s protocols. The
RNA was incubated with DNase I at 37°C for 45 min and puri-
fied by DNase I inactivation reagent. RNA concentrations were
measured using a Nanodrop spectrophotometer and samples
with concentrations <250 ng � lL�1 were concentrated using
the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany).
Quantitative PCR runs using the RNA samples were used to
determine DNA contamination levels, with samples containing
>10 DNA copies � lL�1 of RNA incubated with DNase I and
purified additional times as needed. Two microgram of each
RNA sample was reverse transcribed into cDNA using Super-
script III First Strand Synthesis Systems for RT-qPCR (Invitro-
gen). cDNA aliquots were diluted with water to obtain 60 lL
total for each sample prior to use in qPCR.

The number of transcript copies of each gene of interest
was quantified by qPCR in triplicate 20 lL reactions composed
of 2 lL DNA standard or cDNA unknown, 10 lL Kapa Syber-
Fast Universal qPCR Kit (Kapa Biosystems, MA, USA), and
1.6 lL of both forward and reverse primers. qPCR was run on
an Eppendorf Mastercycler ep realplex. A dilution series of
standards was run at the same time as experimental unknowns.
Gene standards for qPCR were created by PCR amplification
at 94°C for 2 min, followed by 40 cycles of 30 s at 95°C, 30 s at
the specific primer’s annealing temperature, and 1 min at
72°C. Reactions consisted of 1 lL DNA, 1 lL Taq Buffer, 1 lL
MgCl2, 0.5 lL dNTP, 0.4 lL of forward and reverse primers,
0.075 lL Taq polymerase, and 4.625 lL UV-light-treated
water. Amplified fragments were cloned and transformed into
Escherichia coli using the TOPO TA Cloning Kit (Invitrogen).
Colonies containing the cloned gene fragment were incubated
at 37°C overnight in liquid Luria broth media, and plasmids
were extracted using QIAprep Spin Miniprep Kit (Qiagen).
Plasmids were linearized through incubation with SpeI at 37°C
for 1 h and enzyme denaturation at 80°C for 20 min. Lin-
earized plasmids were quantified on a Qubit using the Qubit
RNA Assay Kit (Invitrogen) and the copy number per lL was
calculated. Serial dilutions with UV-light-treated water were
used to create a series of standards for each gene of interest
ranging from 106 to 101 copies � lL�1. P. granii ISIP2a and
FTN transcript copy numbers were either normalized to ACT
copy numbers or each other from the same cDNA sample.

Gene sequences and read counts for FTN and ISIP2a from
F. kerguelensis were obtained from the transcriptomes
sequenced through the Marine Microbial Eukaryote Transcript

Project (MMETSP; Keeling et al. 2014). Accession numbers
and contig identification numbers of all target genes in
P. granii and F. kerguelensis used in this study are provided in
Table S2.

Field experiments. Field experiments were conducted on
three separate cruises—two along the Line P transect in June
of 2013 and 2015 on board the CCGS JP Tully and another
in the California Upwelling Zone (CUZ) in July of 2014 on
board the R/V Melville. On both of the Line P cruises, iron
grow-out experiments were conducted at OSP (50° N, 145°
W), a well-characterized iron-limited region (Harrison 2002).
Seawater was collected at OSP from the depth corresponding
to 30% of incident irradiance (10 m in 2013 and 12 m in
2015) using a TMC sampling system which consisted of a
Teflon� air bellows pump and polytetrafluoroethylene-lined
KevlarTM tubing (0.75 in diameter) attached to KevlarTM line.
The seawater was placed into 10 L flexible acid-cleaned poly-
ethylene cubitainers within a TMC-positive pressure flow-
hood. Cleaning protocols for the cubitainers included
soaking the inside walls in 1.2 mol � L�1 hydrochloric acid
(reagent grade) for 3 d followed by three rinses with Milli-
QTM H2O, soaking in 1.2 mol � L�1 hydrochloric acid (trace
metal grade) for 1 week followed by three rinses with Milli-
QTM H2O, and soaking in 0.1 mol � L�1 acetic acid (trace
metal grade). Prior to filling the cubitainers with seawater,
the dilute acetic acid was removed, and the cubitainers were
rinsed thoroughly three times with ambient, low iron seawa-
ter. For each treatment, triplicate cubitainers were either
inoculated with 4 nmol � L�1 FeCl3 or left unamended to
serve as controls. In 2015, a 200 nmol � L�1 desferrioxamine
B (DFB) treatment was also included. DFB is a strong fungal
siderophore that binds tightly to ferric iron, making it mostly
unavailable for biological uptake by eukaryotic phytoplankton
(Wells 1999, Marchetti and Maldonado 2016). For sample col-
lection from initial conditions, triplicate cubitainers were
immediately filtered. All other cubitainers were placed in on-
deck plexiglass incubators with flow-through seawater to
maintain near-ambient surface temperatures and were cov-
ered with neutral density screening to reduce irradiance to
~30% of the incident. All incubations were initiated and ter-
minated just prior to dawn. Following 96 h of incubation, the
seawater was removed from the incubators and stored in the
dark at 4°C until filtration. Subsamples, for dissolved nutri-
ents, chlorophyll a and RNA were collected from each cubi-
tainer and immediately frozen at �20°C (nutrients and
chlorophyll a) or �80°C (RNA). Dissolved nutrients and
chlorophyll a protocols are provided in Marchetti et al.
(2012), with the modification that analysis of thawed nutri-
ents was performed onshore following the cruises.

During the CUZ cruise, multiple iron grow-out incubations
were performed at different locations in relation to varying
iron environments, including regions of high iron, upwelled
waters, as well as relatively low iron waters. Treatments
included a 5 nmol � L�1 FeCl3 addition, a 200 nmol � L�1

DFB addition, and an unamended control. For two of the
experiments, seawater was collected from the near surface
(2–5 m) using a TMC sampling system which consisted of a
towed GeoFish sampler attached to KevlarTM line, Teflon�

tubing, and a Teflon� dual-diaphragm pump that pumped
seawater directly into a positive pressure TMC “bubble.” The
seawater was placed into a 200 L acid-cleaned, high-density
polyethylene drum for homogenization before being dis-
tributed into 10 L flexible acid-cleaned polyethylene cubitain-
ers cleaned using the same protocols as described previously
and placed in on-deck plexiglass incubators with flow-through
seawater to maintain near-ambient surface temperatures and
were covered with neutral density screening to reduce irradi-
ance to ~30% of the incident. Similar to the Line P cruises,
all incubations were initiated and terminated just prior to
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dawn. Following the incubation times, seawater filtrations
were performed as described previously. For one experiment,
seawater was obtained from the depth corresponding to the
10°C isotherm (96 m) and incubated on-deck to simulate an
upwelling event.

For RNA extractions, seawater samples were filtered onto a
Millipore Isopore membrane filter (0.4 lm pore size,
142 mm) by way of peristaltic pump and tygon tubing, flash
frozen in liquid nitrogen, and stored at �80°C. In the labora-
tory, filters were briefly thawed on ice and total RNA was
extracted from individual thawed filters using the ToTALLY
RNA Kit (Ambion� Thermo-Fisher Scientific, Waltham, MA,
USA) as described above. RNA samples were submitted to the
UNC High-Throughput Sequencing Facility for library prepa-
ration (Illumina TruSeq Stranded mRNA Library Preparation
Kit, HiSeq v4 reagents, including poly-A selection of mRNA),
and each experiment was sequenced on a single lane using
an Illumina HighSeq 2000. For the Line P experiments, RNA
from the triplicate cubitainers was pooled prior to sequenc-
ing. For the CUZ experiments, most triplicate samples were
sequenced separately except for two cases where the tripli-
cates were pooled due to low RNA yields (Ctrl-72 and Fe-72
in experiment 4e). Each sample contained ~23 million
125 bp paired-end reads.

Gene expression (field samples). Raw reads were trimmed to
remove low-quality bases and Illumina adapters using Trimmo-
matic v. 0.32 (paired-end mode, minimum read length of 36,
adaptive quality trim with a target read length of 40 and strict-
ness of 0.9; Bolger et al. 2014). Trimmed paired reads were
merged into single reads with BBMerge v8.0, and merged pairs
along with nonoverlapping paired-end reads were assembled
using ABySS v1.5.2 with a multi-kmer approach (Simpson et al.
2009). Assemblies were merged using Trans-ABySS v1.5.3 (Van-
couver, Canada) to remove redundant contigs (Robinson and
Oshlack 2010) and contigs less than 120 bp were removed
from libraries. Read counts were obtained by mapping raw
reads to contigs through an end-to-end alignment using Bow-
tie2 v2.2.6 (Baltimore, MD, USA) (Langmead and Salzberg
2012). Alignments were filtered by mapping with quality scores
of 10 or higher as determined by SAMtools v1.2 (Li et al.
2009). Taxonomic annotations were assigned based on
sequence homology via BLASTx v2.3.0 (Bethesda, MD, USA)
with an initial e-value cut-off of 10�3 against a custom-made
protein database, MarineRefII, which is comprised of marine
microbial eukaryote genomes and transcriptomes (Laboratory
of Mary Ann Moran, University of Georgia). Environmental
contigs were assigned a taxonomic annotation based on the
top hit to a reference sequence in the MarineRefII database.
In this study, only contigs assigned to the diatom genus Pseudo-
nitzschia with e-values <10�20 were included in the analysis. For
determination of Pseudo-nitzschia ISIP2A/FTN ratios, FTN and
ISIP2a sequences were obtained from the P. granii transcrip-
tome and queried against Pseudo-nitzschia-associated contigs
using tBLASTx v2.3.0 with an e-value cut-off of 10�3 for FTN
and 10�5 for ISIP2a. All read counts corresponding to contigs
with gene hits below the e-value threshold were summed within
each treatment. All environmental sequences are deposited at
NCBI’s Sequence Read Archive under accession numbers
SRP074366 (2013 Line P cruise) and PRJNA320398 (2014 Irn-
Bru and 2015 Line P cruises).

RESULTS AND DISCUSSION

Sequencing of the comparative Pseudo-
nitzschia granii transcriptome under variable iron
states has provided new insights into an oceanic dia-
tom that is well adapted to growing under low iron

conditions. These include possession of important
proteins for coping with low and ephemeral iron
supply such as proteorhodopsin and FTN (Marchetti
et al. 2009, 2015). It has also provided an opportu-
nity to identify potential gene candidates to be used
in the development of a molecular indicator for the
iron status of Pseudo-nitzschia within natural mixed
assemblages.
We identified two iron-related genes that were dif-

ferentially expressed as a function of iron status. The
first gene, FTN, encodes for the highly specialized
iron storage protein that was relatively recently identi-
fied in diatoms (Marchetti et al. 2009). FTN genes
have been identified in many different phytoplank-
ton functional groups, including cyanobacteria
(Theil et al. 2006). A FTN gene homolog is present in
almost all pennate diatoms with sequenced genomes
or transcriptomes and roughly half of sequenced cen-
tric diatoms (Groussman et al. 2015). FTN was one of
the most highly enriched genes in iron-resupplied
P. granii cells relative to iron-limited cells (Fig. 1a).
The second gene, ISIP2a, encodes for a protein
recently characterized in marine phytoplankton that
concentrates iron at the cell surface and is believed to
facilitate its uptake (Morrissey et al. 2015). ISIP2a is
ubiquitously present across many phytoplankton
functional groups, although it appears to be only pre-
sent in marine algae. ISIP2a is a gene with one of the
greatest accumulation of transcripts in the P. granii
transcriptome and is highly enriched in iron-limited
cells relative to iron-replete cells (Fig. 1a). Patterns of
gene expression for both genes obtained from com-
parative transcriptomic sequencing were found to be
consistent with expression trends obtained through
targeted gene qPCR measurements (Fig. 1b).
Acclimated P. granii cells were grown under a gra-

dient of iron concentrations to provide better resolu-
tion of the FTN and ISIP2a relative expression
changes as a function of iron status. At the lowest
iron concentration (1.5 nmol � L�1 FeT), P. granii
growth rates were substantially reduced, resulting in
a 53% reduction relative to the maximum growth
rate (lmax) achieved under iron-replete conditions
(Fig. 2a). Subsequently, growth rates increased
linearly as a function of iron up to a total iron con-
centration of 12.9 nmol � L�1. At this iron concentra-
tion, the mean growth rate was not statistically
different from lmax (F4,14 = 3.11, P = 0.53), however,
Fv:Fm was significantly lower (F4,14 = 3.11, P = 0.038)
than the maximum value of 0.66 achieved at the
highest iron concentration, indicating iron stress
(i.e., cells exhibit a physiological response to low iron
conditions yet are able to maintain lmax; Fig. 2a). A
further appreciable increase in the iron concentra-
tion yielded a minor enhancement in growth rate to
lmax, indicating iron saturation was achieved at the
highest iron concentrations examined. Relative gene
expression of P. granii FTN was low at reduced iron
concentrations and increased at high iron concentra-
tions where growth rates were highest (Fig. 2b).

http://www.ncbi.nlm.nih.gov/nuccore/SRP074366


There was a 20-fold increase in relative gene expres-
sion for FTN as a function of iron status. In contrast,
ISIP2a expression was high at low iron concentrations
and then declined at the highest iron concentration
examined. There was a 6-fold decrease in relative
gene expression for ISIP2a as a function of iron sta-
tus. The resulting ISIP2a:FTN ratio was highest under
the most severe iron-limiting conditions. There was
an 84-fold change in the ISIP2a:FTN ratio as a func-
tion of iron status: the maximum ratio of 1791 was
obtained at the lowest growth rate and the minimum
ratio of 21.2 was obtained at lmax (Fig. 2c).

The Pseudo-nitzschia ILI is a comparative measure
of iron stress or limitation derived through the
ISIP2a:FTN ratio. As determined from our laboratory
growth experiments, the ratio for iron-replete
P. granii cells was found to be 21.2 � 11.0. Based
on this threshold, we consider Pseudo-nitzschia
growth as iron stressed or iron limited when the
average ISIP2a:FTN ratio is found to be above 32.2
(mean + 1 SD). Using this criterion, we developed
the Ps-n ILI as follows:

Ps-n ILI ¼ log
ISIP2a

1þ 32:2FTN

� �
ð1Þ

where ISIP2a and FTN are the transcript abundances
for each gene in a given sample’s sequence library.

FIG. 1. Comparative transcriptome and gene expression in
Pseudo-nitzschia granii as a function of iron. (a) Ratio-Average
(RA) plot of P. granii differential gene expression in response to
an iron-resupply to iron-limited cells. Each circle represents a col-
lection of transcripts assigned to a predicted gene based on
homology (BLASTx, e-value ≤10�3) and annotated via KEGG.
Plotted are the log (base 2) fold-change ratio (R) and the average
(A) of read counts in the iron-resupplied and iron-limited
sequence libraries for a given gene. Gray horizontal line indicates
the trimmed mean of fold-change values (TMM). Genes above or
below the TMM indicate over- or underrepresentation, respec-
tively, after iron resupply. Genes unique to one library are added
into the plot left of the gray dashed lines. The gene circles for
ferritin (FTN) and iron-starved-induced protein 2a (ISIP2a) are
indicated. (b) A comparison of relative gene expression between
the transcriptome (see a) and those obtained using quantitative
PCR for FTN and ISIP2a when normalized to actin (ACT) and
each other. Where provided, error bars are the standard devia-
tion of the mean of triplicate cultures.

FIG. 2. Growth and gene expression characteristics in Pseudo-
nitzschia granii as a function of iron concentration. (a) P. granii
growth rates (closed circles) and maximum photochemical yields
of PSII (Fv:Fm; open circles), (b) transcript copies of ferritin
(FTN; closed squares) and iron-starved-induced protein 2a
(ISIP2a; open squares) normalized to actin (ACT), and (c)
expression of ISIP2a relative to FTN and the Pseudo-nitzschia Iron
Limitation Index (Ps-n ILI; see methods) as a function of total
iron concentrations in the presence of 100 lmol � L�1 EDTA
(see Materials and Methods). Error bars are the standard devia-
tion of the mean triplicate cultures.



An additional advantage of our proposed two-gene
expression ratio approach (where one gene
response to iron limitation is opposite to the other)
is that it amplifies the absolute range in values while
providing for internal normalization across samples
that is independent of sequencing depth. Accord-
ingly, a positive value between 0 and 0.5 indicates
iron-stressed cells, whereas values >0.5 indicates
iron-limited growth. A negative value indicates iron-
replete growth. Based on the P. granii culture exper-
iments, the Ps-n ILI has a maximum upper limit of
just below a value of two, which was achieved within
the most severe iron-limited treatment in the cul-
ture experiments (Fig. 2c). However, in several of
our examined field samples, ISIP2a transcripts were
present without any FTN transcripts. In such
instances a value for the Ps-n ILI would not be possi-
ble as this would result in an undefined fraction
(denominator equal to 0), despite this ratio most
likely indicating iron-limited growth. Therefore, a
single transcript was added to the denominator in
equation 1 to provide for a means to obtain a posi-
tive Ps-n ILI value (indicating iron limitation) under
these instances. If FTN transcripts are absent in a
given sample, we suggest that detection of more
than 200 ISIP2a transcripts is necessary for the Ps-n
ILI to indicate that Pseudo-nitzschia cells are iron lim-
ited. We have developed an online tool to calculate
the Ps-n ILI from environmental mRNA libraries
where Pseudo-nitzschia transcripts for FTN and ISIP2a
are present (https://marchettilab.web.unc.edu/
PsnILI/).

To examine whether additional environmental
factors affect the Ps-n ILI, P. granii was grown under
a combination of different irradiance levels where
iron-replete and iron-limited cells entered stationary
phase due to either a depletion of NO3 or Si(OH)4
from the growth medium. Pseudo-nitzschia. granii
growth rates were primarily affected by iron status,
with substantial reductions at all irradiance levels in
the iron-limited treatments (Fig. 3, a, d and g;
F1,33 = 4.14, P < 0.001). Both iron-replete and iron-
limited growth rates were significantly reduced
under low irradiance levels relative to the other irra-
diance treatments (F2,33 = 3.29, P < 0.001). There
was an interactive effect between low light and iron
where the combined treatment had the slowest
growth rates compared to iron-limited cells grown at
higher irradiance levels (F2,33 = 3.29, P < 0.001). At
all irradiance levels, Fv:Fm values were reduced due
to iron limitation with only minor decreases with
higher irradiance (Fig. 3, b, e and h). Further
reductions in Fv:Fm were observed in both iron-
replete and iron-limited cells that entered stationary
phase.

The Ps-n ILI values under all treatments were con-
sistent with the iron gradient experiment where
iron-limited, exponential phase P. granii cells exhib-
ited a positive ILI and iron-replete exponential
phase cells had a negative ILI (Fig. 3, c, f and i).

When cells entered stationary phase due to either
NO3 or Si(OH)4 depletion, in iron-limited diatoms
the ILI remained positive. However, in several iron-
replete treatments where cells entered stationary
phase due to N depletion (e.g., low and high irradi-
ances), the ILI also became slightly positive. This
suggests that N depletion could also affect the
expression patterns of FTN and/or ISIP2a, resulting
in a positive Ps-n ILI. Thus, under conditions where
N is suspected to be fully depleted, slightly positive
ILI values (e.g., between 0 and 0.5) should be inter-
preted with caution.
We tested the validity of our proposed molecular

indicator within natural phytoplankton communities
within the Northeast Pacific Ocean known to harbor
Pseudo-nitzschia populations. We calculated the Ps-n
ILI within five separate iron grow-out experiments
conducted within well-characterized iron-limited
waters at OSP and within the iron limitation mosaic
of the CUZ. In addition to unamended control, and
iron-enriched treatments, 4 of the 5 experiments
also included a treatment where DFB was added.
Addition of DFB to seawater at higher
concentrations than expected dissolved iron concen-
trations will reduce the biological availability of
DFB-bound iron (Marchetti and Maldonado 2016).
This treatment was used to induce iron stress and/
or iron limitation in eukaryotic cells by preventing
or substantially reducing the uptake of iron.
Ocean Station Papa (OSP) is one of the longest

open ocean time series in the world, located in the
NE subarctic Pacific Ocean in one of the three
major iron-limited, high-nutrient, low-chlorophyll
regions. Small cells dominate the phytoplankton
community at OSP where large cells, such as dia-
toms, are chronically limited by low iron availability
throughout the year in combination with limiting
light levels during the winter months (Harrison
2002). In June of 2013 and 2015, the Ps-n ILIs of
the initial seawater samples collected from within
the mixed layer at OSP were positive (Fig. 4, a and
b). Upon incubation for 96 h, Ps-n ILI values in the
iron-enriched samples became negative, whereas the
unamended controls in both years and a DFB addi-
tion treatment performed in the 2015 experiment
remained positive (>1). The results of these experi-
ments indicate that the ambient Pseudo-nitzschia pop-
ulations present at OSP during both experimental
periods were experiencing iron limitation that was
alleviated by the addition of iron.
The CUZ is characterized by steep gradients in

iron inputs over relatively short spatial scales that
create neighboring areas of iron-replete and iron-
limiting conditions (Bruland et al. 2001, Firme et al.
2003). These regions are differentiated primarily by
the width of the continental shelf, which provides
the primary source of iron through resuspension of
sediment and associated reduced Fe(II) from the
benthic boundary layer (Johnson et al. 1999, Chase
et al. 2007). Dissolved iron concentrations can vary

https://marchettilab.web.unc.edu/PsnILI/
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100-fold from <0.1 nM in offshore waters to 10 nM
in upwelling zones over the shelf (Biller and Bru-
land 2013, Biller et al. 2013). Concentrations of
leachable/labile particulate matter are equally
dynamic, ranging from 5 nM to over 200 nM in
these upwelling and shelf gradients (Lohan and
Bruland 2008, Biller et al. 2013). Labile particulate
material such as freshly precipitated iron (oxy)hy-
droxides can be solubilized by dissolved organic
ligands (Kraemer et al. 2005) and can serve as an
important source of iron for phytoplankton (Hurst
et al. 2010). In July of 2014, iron-enrichment experi-
ments were performed throughout the CUZ as well
as within upwelled waters off the coast of Oregon to
assess the extent of iron limitation associated with
recently upwelled waters from regions with both
narrow and broad wide shelves. Due to the lack of
upwelling present off the coast of Big Sur during
the cruise period (Fig. 4e), waters were collected at
a depth corresponding to the 10°C isotherm and
incubated on the deck to simulate an upwelling
event.

The initial Ps-n ILI values in two of three experi-
ments within the CUZ were negative (Fig. 4, c and
d). At the southern two sites, the Ps-n ILI remained
negative in both control and iron-enriched treat-
ments with only treatments where DFB was added
becoming positive (Fig. 4, d and e). In contrast, at
the site of natural upwelling off the coast of Ore-
gon, the Ps-n ILI remained negative in only the
iron-enriched treatment after 48 h of incubation,
whereas the unamended control and DFB treat-
ments both became positive (Fig. 4c). After 72 h of
incubation, all Ps-n ILI values were positive, includ-
ing the iron-enriched sample. The results of these
experiments indicate that at all three sites, the
ambient Pseudo-nitzschia populations were not iron
limited. At the site of natural upwelling associated
with a broad shelf (Fig. 4d) as well as in the simu-
lated upwelling experiment (Fig. 4e), ambient iron
concentrations were high enough to support the
increases in biomass observed throughout the incu-
bation period without cells entering iron stress
(Fig. S2 in the Supporting Information). Thus, iron

FIG. 3. Growth and gene expression characteristics in iron-replete and iron-limited Pseudo-nitzschia granii grown under varying light
levels and macronutrient starvation conditions. P. granii (a, d, and g) growth rates, (b, e, and h) maximum photochemical yields of PSII
(Fv:Fm) and (c, f, and i) Pseudo-nitzschia Iron Limitation Index (Ps-n ILI; see methods) of iron-replete, Si-starved at stationary phase (FeSi)
cells; iron-limited, Si-starved at stationary phase (-FeSi) cells; iron-replete, N-starved at stationary phase (FeN) cells and iron-limited, N-
starved at stationary phase (-FeN) cells grown under low-light (40 lmol quanta � m�2 � s�1; a–c), saturating light (150 lmol
quanta � m�2 � s�1; d–f), or high-light (400 lmol quanta � m�2 � s�1; g–i) conditions. Error bars are the standard deviation of the mean
triplicate cultures. In a, d, and g, letters above bars distinguish statistical differences among treatments (for iron treatments, F1,33 = 4.14,
P < 0.001, and for light treatments, F2,33 = 3.29, P < 0.001).



stress/limitation of Pseudo-nitzschia cells in these
waters was only induced upon addition of DFB. In
contrast, in the naturally upwelled waters off the
Oregon coast (Fig. 4c), despite the initial Pseudo-
nitzschia populations not being iron limited, the
increases in phytoplankton biomass within the first
48 h of incubation appear to have resulted in a

reduction in bioavailable iron concentrations where
the cells began to experience iron stress, albeit the
Ps-n ILI in the unamended control treatments is
only slightly positive. Unexpectedly, the Ps-n ILI in
the iron-enriched treatment following 72 h of incu-
bation was also positive, although it should be noted
that at this time, NO3 concentrations were very low

FIG. 4. Pseudo-nitzschia Iron Limitation Index (Ps-n ILI) values obtained from iron grow-out experiments with natural phytoplankton
communities performed at Ocean Station Papa, Gulf of Alaska in (a) 2013 and (b) 2015, and the California Upwelling Zone (c–e) in
2014. Maps are climatological annual mean surface chlorophyll a concentrations from SeaWiFS (1997–2010) showing experiment sites.
For each experiment, the initial Ps-n ILI is shown (except for e) in addition to values within an iron-amended treatment (Fe), unamended
control treatment (Ctrl), and desferroxamine B treatment (DFB; except for a). Numbers denote incubation times in hours. In (e), initial
Ps-n ILI was not obtained due to low transcript abundance. In (b), asterisks denote ILI values greater than 2 due to no detected FTN tran-
scripts yet high abundances of ISIP2a transcripts. Where provided, error bars are the standard deviation of the mean of triplicate incuba-
tions. [Color figure can be viewed at wileyonlinelibrary.com]



(<0.5 lmol � L�1; Fig. S2), which may have affected
the Ps-n ILI as observed in the laboratory cultures
where P. granii cells that entered stationary phase
due to N depletion also had slightly positive values.

Taken together, these incubation experiments
verify the validity of the Ps-n ILI as an effective
molecular indicator to ascertain the iron status of
specific members of phytoplankton within natural,
mixed assemblages. The Ps-n ILI provided expected
values of Pseudo-nitzschia cells based on experiments
within both oceanic and coastal waters. More impor-
tantly, our molecular approach highlights inherent
weaknesses in evaluating the iron status of cells
solely through nutrient amendment bioassays.
Because incubation experiments typically require
the observation of differential responses in biomass
accumulation in iron-enriched treatments versus
unamended controls over a period of time following
incubation, it is difficult to assess what is an ambient
stress in the preincubated samples versus one that
has developed after some amount of biomass accu-
mulation. An example of this is shown in Figure 4c
(and Fig. S2), where based on the Ps-n ILI, the ini-
tial Pseudo-nitzschia cells were found not to be iron
limited, although iron limitation quickly ensued
after 48 h of incubation. A shift to positive ILI value
in the control treatments likely occurred when the
Pseudo-nitzschia cells became iron stressed as they
divided and used up the available iron. These find-
ings demonstrate the usefulness of differential gene
expression approaches to rapidly and effectively
evaluate in situ physiological status of select, ecologi-
cally dominant members of a mixed phytoplankton
assemblage.

Chappell et al. (2015) recently proposed the use
of expression patterns in the genes encoding flavo-
doxin (FLDA1) and an another iron-starvation-
induced protein (ISIP3) as genetic indicators for
iron status in the oceanic centric diatom Thalas-
siosira oceanica Hasle C. Transcript abundances for
both genes increase in iron-limited T. oceanica rela-
tive to the housekeeping gene actin (Chappell et al.
2015). The general applicability of this indicator to
other genera besides Thalassiosira is not yet clear.
Consistent with their findings, transcript abun-
dances for both FLDA and ISIP3 were significantly
higher within iron-limited P. granii compared to
iron-resupplied cells (Table S3 in the Supporting
Information). However, during a comparative meta-
transcriptome study performed at OSP, transcripts
associated with P. granii FLDA were found to be
more abundant following iron enrichment (March-
etti et al. 2012). Interestingly, a gene encoding for
ferredoxin within the P. granii transcriptome was
not identified, suggesting this diatom, and perhaps
others, do not use ferredoxin even under iron-
replete conditions or may have lost the gene alto-
gether and may thus depend on flavodoxin under
all growth conditions. This raises uncertainties in
using FLDA as an iron stress indicator for at least

some diatoms, particularly those adapted to low iron
environments. Similarly, within our P. granii com-
parative transcriptome, ISIP3 transcript abundance
was relatively low compared to the other examined
genes, even within iron-limited cells (Table S3) and
expression appears to also be affected by light con-
ditions (Chappell et al. 2015), which may be prob-
lematic in areas where both iron and light are
known to be limiting to diatom growth (e.g., South-
ern Ocean).
Using the MMETSP database, Groussman et al.

(2015) identified the presence of a putative FTN
gene in 33 of 54 examined diatom species from 21
different genera, including both centric and pen-
nate diatoms. Within several of these isolates, multi-
ple FTN paralogs were identified, including in the
diatom Pseudo-nitzschia multiseries. Similarly, it is feasi-
ble that the FTNs identified within and across algal
lineages may perform multiple functional roles and
therefore be expressed differently under the same
environmental conditions. We therefore caution
against the use of our proposed Ps-n ILI for other
diatom species/genera without first testing to
ensure resulting values obtained as a function of
iron status are consistent with those in P. granii.
To examine whether our proposed Ps-n ILI could

be used with other diatom genera, we grew
Fragilariopsis kerguelensis, originally isolated from the
polar Southern Ocean, under a range of iron and
light conditions. Fragilariopsis, a genus of pennate
diatoms closely related to Pseudo-nitzschia (Hasle
1965), are among the most dominant diatoms in
polar plankton and sea ice (Garrison et al. 1987,
Cefarelli et al. 2010). Fragilariopsis plays an impor-
tant role within polar ecosystems as both the base of
Antarctic food webs and as vectors for carbon and
silicon transport from surface waters to deep ocean
sediments. In fact, F. kerguelensis comprises 70% of
the marine biogenic silicate sediments in the South-
ern Ocean (Treguer et al. 1995) and 80% of the
diatom oozes (Zielinski and Gersonde 1997, Assmy
et al. 2006). Consequently, F. kerguelensis not only
represents a key species for the global silicate cycle
but also indirectly controls the global carbon cycle
via the storage of silicic acid. Fragilariopsis is highly
responsive to iron enrichment, being the dominant
diatom genus during the SOIREE (Gall et al. 2001)
and EIFEX (Hoffmann et al. 2007) large-scale iron
fertilization experiments, as well as being found in
high abundances in naturally iron-fertilized waters
(Blain et al. 2007, Timmermans et al. 2008). Mem-
bers of this genus are also regarded as useful indica-
tors of climate change (Melnikov et al. 2002).
Fragilariopsis kerguelensis growth rates and Fv:Fm

were reduced under low iron conditions (Fig. 5a).
Similarly, low-light conditions reduced growth rates
but had no apparent effects on photosynthetic effi-
ciencies (Fig. 5b). In contrast to P. granii, there
were no interactive effects of low iron and irradi-
ance on F. kerguelensis growth rates, similar to what



has been reported in other polar diatoms (Strzepek
et al. 2012). Expression patterns of ISIP2a:FTN in
F. kerguelensis are consistent with those of Pseudo-
nitzschia when grown under variable iron and light
conditions. In iron-replete cells, the resulting
ISIP2a:FTN ratio remained below 32, whereas the
iron-limited ratio was substantially higher, regardless
of light status (Fig. 5c). These results support the
development of an ILI with Fragilariopsis. Of particu-
lar importance is understanding the environmental
controls on diatoms in the Southern Ocean, a

region where both iron and light have been shown
to limit growth of phytoplankton across short spa-
tiotemporal scales (Boyd 2002, van Oijen et al. 2004)
and where rapid changes in the environment due to
global climate change are dramatically affecting
plankton community dynamics and their associated
influence on regional and global biogeochemistry
(Constable et al. 2014). The implementation of our
proposed Fragilariopsis ILI could be useful in provid-
ing this information.
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found in the online version of this article at the
publisher’s web site:

Figure S1. Growth characteristics of Pseudo-
nitzschia granii used for the comparative transcrip-
tomic analysis. Plotted are the natural log of rela-
tive fluorescence units (RFU; black circles) and
the maximum photochemical yield of PSII (Fv:Fm;
gray circles) as a function of time before and
after iron resupply to iron-limited cells (indicated
by arrow).

Figure S2. Dissolved NO3 concentrations (gray
bars) and total chlorophyll a concentrations (col-
ored bars) in iron grow-out experiments of natu-
ral phytoplankton communities performed at
Ocean Station Papa, Gulf of Alaska in (a) 2013
and (b) 2015, and the California upwelling zone
(c–e) in 2014 (see Fig. 4 for experiment loca-
tions). For each experiment, concentrations are
provided for an iron-amended treatment (Fe),
unamended control treatment (Ctrl), and desfer-
roxamine B treatment (DFB; except for a). Num-
bers denote incubation times in hours. Where
provided, error bars are the standard deviation of
the mean of triplicate incubations.

Table S1. Total iron concentrations (FeT) and
the predicted dissolved inorganic iron concentra-
tions (Fe0) for the iron treatments used in this
study. The conditional stability constants used to
predict Fe0 were obtained from Sunda et al. 2005,
which assumes a 100 lmol � L�1 EDTA metal ion
buffer system in seawater at 20°C, a pH of 8.2,
and a salinity of 36. For our culture experiments,
actual conditional stability constants may slightly
differ due to variations in growth temperature
and salinity.

Table S2. Gene information and primer
sequences.

Table S3. Expression of select genes in the
Pseudo-nitzschia granii comparative transcriptome.
Listed are the log (base 2) fold-change ratio of
the normalized transcript abundance of the iron-
resupplied cells over the iron-limited cells (R)
and the average of the read counts in the iron-
resupplied and iron-limited sequence libraries for
each gene (A). Where available, KEGG Ortholog
(KO) IDs are also provided. N/A = not available.


