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Supporting Information Text 
Evaluation of iron status 

Iron status of diatoms was assessed based on oceanographic context, differences in the chemical 

and biological properties of the seawater, and a combination of gene expression-based molecular 

indicators that evaluate iron stress or limitation for distinct diatom genera. For molecular analysis 

in Pseudo-nitzschia, the Pseudo-nitzschia Iron Limitation Index was used (Fig. S2)(1). In 

Thalassiosira, flavodoxin (FLDA1) and iron-starvation induced protein 3 (ISIP3) expression were 

quantified, as these genes have been shown to be indicators of iron limitation in T. oceanica (2). 

The concept of using ISIP3 expression to assess iron limitation was extended to members of the 

genus Chaetoceros as they are also centric diatoms and possess the gene (Fig. S2). 

 Sites C-Low1, C-Low2, and P-Low displayed low iron concentrations and Fe:NO3 ratios, 

which were anticipated from their locations (Table 1). Although C-Low1 was near a moderate 

shelf-width area (Fig. S1), relatively low dissolved iron and high micronutrients were still observed 

(Table 1, Fig. 2). This site is offshore the 200 m isobath, and therefore, it is beyond the observed 

natural boundary for iron-replete high productivity waters (3). C-Low2 is located over a narrow 

shelf region (Fig. S1) explaining the reduced iron. Both of these sites had lower initial dissolved 

Fe concentrations and Fe:NO3 ratios well below the theoretical 8 nM:20 µM ratio for near-

complete drawdown of nitrate (4). 

 At these low iron sites, significant differences among treatments in many of the bulk 

community measurements were observed, but these differences were not universal except for 

Fv:Fm (Fig. 2, Table S1). When comparing the iron and control incubations, significant increases 

in the iron treatment were observed in chlorophyll for all sites although this was only in the large 

size fraction at C-Low2 and the small size fraction at P-Low. C-Low1 had strongly significant 

differences in biogenic silica and nitrate drawdown not observed at the other sites. It is likely given 

the availability of nutrients and delayed increase in phytoplankton abundance at C-Low2 that more 

significant differences would have been observed had there been additional samples later in time. 

The result at P-Low can be attributed to the dominance of small phytoplankton initially present at 

this oceanic site. Biomass still remained quite low, but significant increases in biogenic silica were 

observed in the Fe incubations over time and relative to the DFB treatment suggesting enhanced 

diatom growth when Fe was added.  



 The Pseudo-nitzschia Iron Limitation Index transitioned to near positive values in the 

control incubations at C-Low1 and C-Low2 implying that these communities have the potential to 

naturally become iron limited (Fig. S2). It was strongly positive at P-Low indicating substantial 

iron stress. Indicators for the centric diatoms were also significantly different between the iron and 

control incubations (Fig. S2, Table S2). Overall, these pronounced differences in the chemical 

parameters and molecular indicators between the iron and control incubations substantiate that a 

change in iron status was induced by the addition of iron.  

C-High already showed high in situ biomass and dissolved iron from being located in a 

wide-shelf area with strong upwelling (Figs. S1 and S16). As a result, no significant differences in 

nitrate, chlorophyll, or biogenic silica between the Fe addition and control incubations were 

observed supporting that iron availability was not limiting. The molecular indicators also display 

similar values between the iron and control treatments supporting the lack of an iron affect (Fig. 

S2, Table S2). 

 P-High showed significant differences between the Fe and control incubations for nitrate 

drawdown and Fv:Fm similar to that of the low iron sites. Additionally, the molecular indicators 

suggest that there may have been iron stress in the control incubations, and dissolved iron 

concentrations were initially less than those of the CUZ sites. These results are indicative of a low 

iron scenario; however, productivity at this station is known to be dependent on the delivery of 

macronutrients from seasonal upwelling instead of just iron (5). The initial conditions are 

consistent with this dependence as macronutrients were fairly depleted and iron still remained (Fig. 

2, Table 1). After the addition of nitrate to these incubations (Materials and Methods), significant 

increases in chlorophyll (p < 0.0001) were observed indicating that nitrate availability was 

primarily limiting. Although significant differences in nitrate drawdown between the iron and the 

control incubations were observed by the second time point, chlorophyll concentrations were not 

different, pointing to the potentially depressed iron effect at this site. It is likely that other 

macronutrients (phosphate and silicate) were limiting preventing greater contrast (Fig. 2). 

Altogether, these results suggest iron had an effect at this site, although macronutrient availability 

was most likely driving productivity leading to classification as a high iron site, especially relative 

to its NE Pacific counterpart, P-Low. 

 

 



Materials and Methods 

Experimental Design 

Incubation experiments were conducted at five sites within the California Upwelling Zone (CUZ, 

July 2014) onboard the R/V Melville or along the Line P transect in the subarctic NE Pacific (June 

2015) onboard the CCGS John P. Tully (Fig. 1, Table 1). Experimental procedures are described 

in Cohen, et al. (6) for all sites except C-Low2, which is described by Lampe, et al. (7). In 

summary, near-surface water (Table S1) was collected using trace-metal clean techniques and 

distributed into acid-cleaned 10 L Cubitainers® (Hedwin Corporation, Newark, DE, USA) except 

C-Low2 for which water was collected from 96 m. Cubitainers were incubated on-deck at near-

ambient surface water temperature and screened at approximately one-third surface irradiance. 

Treatments included an unamended control (C), addition of iron with 5 nmol L-1 FeCl3 (Fe), 

removal of iron with 200 nmol L-1 of the fungal siderophore desferroxamine B (DFB), and iron 

addition at t = 0 followed by iron removal at the first time point (FeDFB) to mimic a short-lived 

iron pulse.  At site P-Low, DFB was added to a control and Fe treatment at 48 hours for the DFB 

and FeDFB treatment sampled at 96 hours. At site P-High, 10 µmol L-1 of NO3 was added to all 

incubations to support growth since initial NO3 concentrations were low (1.49 µmol L-1). Timing 

of incubation sampling for each experiment is described in Table S1. At dawn of each time point, 

triplicate cubitainers of each treatment were harvested and subsamples were collected for the 

following measurements: dissolved inorganic nutrients, chlorophyll a, biogenic silica, Fv:Fm, 

RNA, and SXRF. Methods for analyzing chlorophyll a, biogenic silica, and Fv:Fm are described in 

Cohen, et al. (6). 

 

RNA-Seq Assembly, Annotation, and Analysis 

The initial RNA extraction, sequencing, assemblies, and annotations are described in Cohen, et al. 

(6) and Lampe, et al. (7). Briefly, seawater was filtered onto 0.8 µm filters then immediately flash 

frozen. RNA was extracted using the ToTALLY RNA Total RNA Isolation Kit and treated with 

DNase 1 (Life Technologies, Grand Island, NY, USA). Library preparation was conducted with 

the Illumina TruSeq Stranded mRNA Library Preparation Kit and HiSeq v4 reagents. Sequencing 

of barcoded samples was performed on an Illumina HiSeq 2000 (125bp, paired-end). All samples 

were sequenced in triplicate except samples for treatments with low yields (all t = 0 and Line-P 

samples) where triplicate extractions were pooled into one sample. Reads were trimmed for quality 



and removal of adapters using Trimmomatic v0.32 (8). Trimmed paired reads that overlap were 

merged into single reads with BBMerge v8.0. Merged pairs and non-overlapping paired-end reads 

were used to assemble contigs using ABySS v1.5.2 with varied k-mer sizes (9) then the assemblies 

were merged using Trans-ABySS v1.5.3 to remove redundant contigs (10). Contigs shorter than 

120 bp were discarded. 

Annotation was assigned by best homology (lowest E-value) to protein databases using 

BLASTX v2.2.31 (E-value ≤ 10-3). For taxonomic identification, MarineRefII, a custom reference 

database (Moran Lab, University of Georgia) was used. MarineRefII contains predicted protein 

sequences of marine microbial eukaryotes and prokaroytes including all sequenced transcriptomes 

from the Marine Microbial Eukaryote Transcriptome Sequencing Project (11). To assign gene 

function to contigs, the same methodology with the Kyoto Encyclopedia of Genes and Genomes 

(KEGG; Release 75) was used (12). The best hit with a KEGG Ortholog (KO) number from the 

top 10 hits was chosen. 

For this analysis, assemblies from all sites were then merged again with Trans-ABySS and 

duplicate contig removal verified with GenomeTools v1.5.1 (13). Read counts were estimated 

from this combined assembly using the quasi-mapping method implemented in Salmon v0.73 (14). 

The Pseudo-nitzschia Iron Limitation Index (ILI) was calculated using our annotations and un-

normalized counts for ferritin and iron starved induced protein 2A (ISIP2A) according to the 

formula presented in Marchetti, et al. (1). In all other instances, normalization, gene expression, 

and differential expression were assessed within each taxonomic group using DESeq2 v1.12.4 

(15). Significance was determined by genes with Benjamini & Hochberg adjusted P-values ≤ 0.05 

(16). As diatom iron starvation induced protein (ISIP) genes are not included in the KEGG 

Orthology database, they were manually annotated based on top BLAST hits to genes described 

in Morrissey, et al. (17) with verification from the KEGG SSDB database (12). 

 

Synchrotron X-ray Fluorescence (SXRF) Preparation and Analysis 

Samples were collected and analyzed following Twining, et al. (18, 19). Briefly, cells from 500 

mL of sample were gently preconcentrated approximately ten-fold over 2μm pore-size 

polycarbonate membranes via gravity filtration. The remaining 40 mL was transferred to a 

centrifuge tube, preserved with 0.25% trace-metal clean electron-microscopy grade buffered 

glutaraldehyde, and centrifuged onto C/formvar-coated Au TEM grids. After centrifugation, grids 



were briefly rinsed with Milli-Q water and dried in a darkened Class-100 hood. Grids were then 

mounted onto custom-machined Al holders for storage and analysis. Light and chlorophyll 

fluorescence images were collected for target cells using a shipboard microscope. SXRF analyses 

were performed at the 2-ID-E microprobe beamline at the Advanced Photon Source (Argonne 

National Laboratory). The incident beam energy was tuned to 10 keV to allow for the stimulation 

of K-line emissions for all elements ranging in atomic number from Si through Zn. Each target 

cell was scanned in a 2-D raster fashion by the focused X-ray beam and the entire X-ray 

fluorescence spectrum recorded at each pixel. The spectra from the pixels covering the cell were 

summed to generate a single spectrum corrected with a background region. Element concentrations 

were calculated by comparison to certified reference standards (19, 20), and cellular C was 

calculated from cell volume (21). 

 

Macronutrient Analyses 

For the California Upwelling Zone (CUZ) sites, dissolved nitrate + nitrite (NO3
- + NO2

-), 

phosphate (PO4
3-), and silicic acid (H4SiO4) concentrations were measured using a Lachat Quick 

Chem 8000 Flow Injection Analysis system (22) whereas for Line P sites, an Astoria Analyzer 

was used (23). Particles were removed by filtering the sample through a GF/F filter using a 60 mL 

syringe. CUZ samples were analyzed onboard the ship whereas Line P samples were stored in 

acid-rinsed polypropylene tubes and frozen at -20°C prior to analysis onshore. Reference materials 

for nutrients in seawater were run alongside samples for quality control. For examining historical 

data (Fig. 1), interpolated statistical means of nitrate data on a 1° grid for all decades from World 

Ocean Atlas 2013 (24) was plotted using matplotlib (25) for Python v2.7. 

 

Dissolved Iron  

For the CUZ incubations, seawater was acidified at sea with 4 mL 6 N quartz-distilled HCl per L 

of seawater (pH ~1.7) and stored in acid-cleaned LDPE bottles for at least two months prior to 

analysis. Iron was preconcentrated from buffered (pH 6.0) seawater on Nobias-chelate PA1 resin 

and eluted with 1 N quartz-distilled HNO3 following Biller and Bruland (26) and Parker, Brown 

and Bruland (27). The eluent was analyzed with a Thermo-Element XR™ ICP-MS in counting 

mode. Line-P dissolved Fe samples were stored in acid-cleaned LDPE bottles, acidified post-cruise 

with 1 mL 12 N Optima-grade HCl per L of seawater, and stored for at least three months prior to 



analysis. These samples were also preconcentrated on resin and measured with a ICP-MS 

following Milne, Landing, Bizimis and Morton (28). 
 

Statistical Analyses 

One- and two-way ANOVAs followed by Tukey’s multiple comparison test were performed on 

the biological and chemical properties of the seawater in Graphpad PRISM v7.03. Statistical 

methods for gene expression data are described under RNA-Seq Assembly, Annotation, and 

Analysis. 

 

Phylogenetic Analysis 

Internal Transcribed Spacer 1 (ITS1) sequences for known Pseudo-nitzschia species (29) were 

compiled from Hubbard, et al.  (30, 31), and Marchetti, et al. (32). Reference ITS1 sequences were 

checked for duplicates with GenomeTools v.1.5.1 (13) then compared with contigs using BLAST 

v2.5.0 with a 98% similarity cutoff. Contigs were then merged based on 98% similarity favoring 

longer contigs. Reference ferritin (FTN) sequences were derived from Lampe, et al. (7), Cohen, et 

al. (33), and Moreno, et al. (34), and contigs were selected by their annotation described under 

RNA-Seq Assembly, Annotation, and Analysis. NRAMP and ZIP1 sequences were retrieved from 

the JGI Genome Portal for diatoms and UniProt for all other organisms. For all trees, sequences 

were aligned with MUSCLE (35) in Geneious Pro v10.2.2. Maximum likelihood phylogenetic 

trees of the reference sequences were created with RAxML v8.2.9 (ITS1, GTRGAMMA model; 

all others, PROTGAMMALG model) with 100 bootstraps (36). Contigs were placed on the tree 

with pplacer v1.1.alpha18-2-gcb55169 (37), and the final trees were visualized with 

Archaeopteryx v0.9916 (38). 

 

  



Figure S1.  Bathymetry of the California Upwelling Zone. California-based incubation sites are 
labeled with the 200 m isobath denoted in red. Data are derived from the General Bathymetric 
Chart of the Oceans (GEBCO) 2014 grid model (www.gebco.net) and were viewed in Ocean 
Data View 4.  

 
  

http://www.gebco.net/


Figure S2. Molecular indicators of iron stress or limitation in diatoms as described by Marchetti, 
et al. (1) and Chappell, et al. (2). From left to right, the Pseudo-nitzschia Iron Limitation Index 
(Ps-n ILI) and flavadoxin (FLDA1) and iron starvation induced protein 3 (ISIP3) normalized 
counts for Thalassiosira (Thal.) and Chaetoceros (Chae.). A positive Ps-n ILI value indicates iron 
stress or limitation. Incubations are labelled as follows: control (C), iron addition (Fe), iron 
removal (DFB), iron addition then removal (FeDFB) and denoted as the first or second time point 
(T1 or T2) where applicable. An ‘X’ indicates that the value was unable to be calculated. White 
asterisks (*) denote that the value extends beyond the axis limits. 
 

 

  



Figure S3. Average taxonomic distribution by mapped reads for the whole community (phylum-
based) and diatom genera within all diatom assigned reads. Incubations are labelled as follows: 
control (C), iron addition (Fe), iron removal (DFB), iron addition then removal (FeDFB) and 
denoted as the first or second time point (T1 or T2) where applicable. 
 

 



Figure S4. Light and synchrotron X-ray fluorescence micrographs of Chaetoceros and Pseudo-
nitzschia cells from the control and iron (+Fe) incubations at 48 hours at C-Low1. The red box 
outlines the region of the SXRF scan for these particular cells. 

  



Figure S5. Normalized transcript abundances for ferritin (FTN), natural resistance-associated 
macrophage protein (NRAMP), and ZIP1 in Pseudo-nitzschia (P), Chaetoceros (C), and 
Thalassiosira (T). Dark gray indicates that the gene was not detected. 

 

 
  



Figure S6. Phylogenetic tree of Pseudo-nitzschia internal transcribed spacer 1 (ITS1) sequences 
with environmental sequences from the metatranscriptome in blue. Bootstrap values ≥ 50 from 
the reference sequences are shown. Detection of reads mapping for each site is indicated in blue 
in the table.  

 



Figure S7. Phylogenetic tree of Pseudo-nitzschia ferritin sequences with environmental 
sequences from the metatranscriptome in blue. Bootstrap values ≥ 50 from the reference tree are 
shown. Detection of reads mapping for each site is indicated in blue in the table. 
 

  



Figure S8. Fold changes in Pseudo-nitzschia FTN expression (x-axis) versus fold changes in 
iron quotas (µmol Fe:mol C; y-axis) for the Fe or DFB treatments compared to the control 
treatment. The P-High DFB vs C comparison (red point) was excluded as an outlier as silicate 
depletion likely uncoupled the relationship between FTN and iron quotas. A Pearson correlation 
indicates a significantly positive relationship (ρ  = 0.7551, P = 0.0186). 
 

 
 
 
  



Figure S9. Midpoint-rooted phylogenetic tree of diatom ferritins. Branches that do not contain 
Chaetoceros sequences were collapsed with the number of sequences shown. Chaetoceros-
assigned contigs are highlighted in red. Bootstrap values ≥ 50 are shown. 
 

 

 



Figure S10. Midpoint-rooted phylogenetic tree of diatom ferritins. Branches that do not contain 
Thalassiosira sequences were collapsed with the number of sequence shown. Thalassiosira-
assigned contigs are highlighted in red. Bootstrap values ≥ 50 are shown. 
 

 

 

  



Figure S11. Normalized transcript abundances for ferritin (FTN) and natural resistance-
associated macrophage protein (NRAMP) in Fragilariopsis. Dark gray indicates that the gene 
was not detected. 

 

 

  



Figure S12. Phylogenetic tree of natural resistance-associated macrophage protein (NRAMP) 
homologous genes. Diatom genes (blue) are labeled as Fracy 172829, Psemu 325037, and Thaps 
9840 from Fragilariopsis cylindrus, Pseudo-nitzschia multiseries, and Thalassiosira pseudonana 
with corresponding JGI gene IDs. The red algae, Cyanidioschyzon merole and Galdieria 
sulphuraria, are presented with gene IDs corresponding to entries in Uniprot. Remaining 
sequences are those presented by Thomine, Wang, Ward, Crawford and Schroeder (39) from 
Arabidopsis thaliana (At), Oryza sativa (Os), Saccharomyces cerevisiae (SMF), Mus musculus 
(Mm), Deinococcus radidurans (Dr), Escherirchia coli (Ec), Pseudomonas aeruginosa (Pa), and 
Salmonella typhimurium (St). 

 

 

  



Figure S13. Normalized transcript abundances for ZIP7 in Pseudo-nitzschia (P), Chaetoceros 
(C), and Thalassiosira (T). Dark gray indicates that the gene was not detected. 

 

  



Figure S14. Midpoint-rooted phylogenetic tree of ZIP1 homologous genes. Bootstrap values ≥ 
50 are shown. 

 

 

  



Figure S15. Domoic acid (DA) concentrations from C-Low2. Domoic acid was measured for all 
California Upwelling Zone (CUZ) incubations with the remaining data reported in Cohen, et al. 
(6). 
 

 
  



Figure S16. Three day average of satellite-derived sea surface temperature (SST, 0.0125°) from 
03 June 2014 to 05 June 2014, the day of sampling for C-High (marked with +). Data is from the 
NOAA POES AVHRR satellite courtesy of the NOAA / NESDIS Center for Satellite 
Applications Research and downloaded from the NOAA CoastWatch Browser. 
 

  



Table S1. Time points and initial seawater collection depths for each incubation site. 

  

Name Time points 
(hours) 

Collection 
Depth (m) 

C-High T1 = 24 2 
C-Low1 T1 = 48, T2 = 72 15 
C-Low2 T1 = 72, T2 = 120 96 
P-High T1 = 24, T2 = 48 3.5 
P-Low T1 = 96 11 



Table S2. Significance (Tukey) test results for differences in site parameters. Significance is 
shown as follows: ns, not significant; displayed numerically; P ≤ 0.1; *, P ≤ 0.05; **, P ≤ 0.01; 
***, P ≤ 0.001; ****, P ≤ 0.0001; or   (-), not applicable. 

 

  C-High P-High C-Low1 C-Low2 P-Low 
NO3       
  T1-Fe   T1-C ns ns ns ns ns 
  T1-Fe   T1-DFB ** ns ns ns ns 
       
  T2-Fe   T2-C - **** **** ns - 
  T2-Fe   T2-DFB - **** **** ns - 
       
Chl a > 5 µm      
  T1-Fe   T1-C ns ns ns ns 0.05 
  T1-Fe   T1-DFB ns ns * ns * 
       
  T2-Fe   T2-C - ns **** ** - 
  T2-Fe   T2-DFB - **** **** **** - 
       
  T1-Fe   t = 0 ns ns *** ns 0.06 
  T2-Fe   t = 0 - **** **** **** - 
       
Chl a < 5  µm      
  T1-Fe   T1-C ns ns ns ns ** 
  T1-Fe   T1-DFB ns ns ** 

 
ns **** 

  T2-Fe   T2-C - ns **** ns - 
  T2-Fe   T2-DFB - ns **** ns - 
       
  T1-Fe   t = 0 ns ns **** ns *** 
  T2-Fe   t = 0 - ns **** ns - 
 
bSi 

     

  T1-Fe   T1-C ns ns ns ns ns 
  T1-Fe   T1-DFB ns ns ns ns ** 
       
  T2-Fe   T2-C - ns **** ns - 
  T2-Fe   T2-DFB - ns **** ns - 
       
  T1-Fe   t = 0 ns ns - - *** 
  T2-Fe   t = 0 - ns - - - 
       
Fv:Fm      
  T1-Fe   T1-C ns *** ** ** **** 
  T1-Fe   T1-DFB ns **** **** **** **** 
       
  T2-Fe   T2-C - **** ** ** - 
  T2-Fe   T2-DFB - **** **** **** - 



Table S3. Significance in differential expression FLDA1 and ISIP3 expression for Thalassiosira 
and Chaetoceros determined by DESeq2 and shown in Figure S3. Significance is shown as 
follows: ns, not significant; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; or   (-), 
not applicable. 
 

  C-High C-Low1 C-Low2 
Thalassiosira FLDA1    
  C vs Fe   T1 ns **** - 
     T2 - **** ns 
  Fe vs DFB   T1 **** **** - 
   T2 - ** ns 
     
Thalassiosira ISIP3    
  C vs Fe   T1 ns **** - 
     T2 - **** *** 
  Fe vs DFB   T1 **** **** - 
   T2 - **** **** 
     
Chaetoceros ISIP3    
  C vs Fe   T1 ns **** - 
     T2 - **** *** 
  Fe vs DFB   T1 **** **** - 
   T2 - **** **** 
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