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Supplementary Text 

Phylogenetic analysis of nitric oxide dioxygenase (NOD) 

NOD sequences from haptophytes, dinoflagellates, and diatoms (i.e., the Hacrobia+SAR 

supergroup)[1] form a distinct clade from yeast and heterotrophic bacteria that still maintain the 

characteristic globin and FAD-binding domains and conservation of the iron and FAD binding 

sites, although some sequences show a tyrosine to phenylalanine mutation at the FAD binding site 

(Fig. S12)[2]. Within this eukaryotic phytoplankton clade, NOD sequences do not necessarily 

correspond to taxonomic groupings. For example, NOD in the model diatom Phaeodactylum 

tricornutum is dissimilar from other diatoms and most closely related to NOD in the cryptophyte, 

Cryptomonas curvata. NOD in Thalassiosira gravida is similar to that found in most 

dinoflagellates, but some dinoflagellate NOD sequences are similar to other diatoms including 

Thalassiosira gravida.  Haptophyte NOD sequences also are similar and mostly form a distinct 

clade apart from E. huxleyi, where there are two copies, one within this haptophyte clade and one 

similar to dinoflagellates. Although these results indicate the presence of NOD in haptophytes, 

expression was not detected at either site. 

NOD is an ideal candidate for HGT as it exists as a single-gene metabolic module; the 

reaction is self-contained and catalyzed by a single protein. [3]. NOD in yeast and diplomonads is 

believed to have originated via horizontal gene transfer (HGT) from heterotrophic bacteria [4]. 

This conclusion is supported in our analysis by a distinct clade of heterotrophic bacteria and fungi 

with the diplomonad, Giardia lamblia, as well as the amoeba Dictyostelium discoideum that also 

likely acquired the gene via HGT. It is possible that multiple HGT events have occurred for 

eukaryotic phytoplankton to inherit the gene.  

  



Supplementary Materials and Methods 
 

Satellite data 

Satellite-derived data were obtained from the NOAA CoastWatch Browser and plotted with 

matplotlib for Python v2.7 [5]. Chlorophyll a concentrations on a 0.025° grid and sea surface 

temperature on a 0.005° grid were obtained from MODIS on board the Aqua (EOS PM) and from 

the NOAA GOES system respectively. 

 

Nutrient analyses 

Seawater (15 mL) was syringe filtered through Whatman GF/F filters into acid-rinsed 

polypropylene tubes and immediately frozen at -20°C. Dissolved nitrate + nitrite (NO2 + NO3), 

phosphate (PO4), and silicic acid (H4SiO4) were quantified with an Astoria Analyzer [6]. The 

detection limit for NO2 + NO3 was 0.007 µmol L-1. Iron concentrations in the initial seawater are 

provided in Tang et al. [7]. 

 

Chlorophyll 

Seawater (400 mL) was gravity-filtered through a 5 µm polycarbonate filter (47 mm) followed by 

a 0.45 µm mixed cellulose ester membrane filter (25 mm) under gentle vacuum pressure (<100 

mm Hg). Funnels were rinsed with a sterile artificial saline solution, and the filters were 

immediately frozen at -80°C until analysis onshore. Chlorophyll a extraction was performed using 

90% acetone at -20°C for 24 h and measured via in vitro fluorometry on a 10-AU fluorometer 

(Turner Designs, San Jose, CA, USA) using the acidification method [8].  

 

Particulate nitrogen and 15N-based uptake rates 

Subsamples from the cubitainers (2 L) were spiked with 0.1 µmol L-1 Na15NO3 for the T0 and 

surface treatments or 0.5 µmol L-1 Na15NO3 for the DSW treatment and incubated in the same on-

deck incubators in polycarbonate bottles. After 8 hours, samples were gravity-filtered through a 5 

µm polycarbonate filter (47 mm) followed by a pre-combusted (450°C for 5 h) Whatman GF/F 

filter under gentle vacuum pressure (<100 mm Hg). Particles on the 5 µm filter were then rinsed 

onto a separate pre-combusted GF/F filter using a sterile artificial saline solution. Filters were 

stored at -20°C until preparation for analysis. 



For quantification, filters were first dried at 60°C for 24 h then encapsulated in tin. 

Particulate nitrogen (PN) and percent 15N atom were measured with an elemental analyzer paired 

with a continuous flow isotope ratio mass spectrometer (EA-IRMS) at the University of California, 

Davis Stable Isotope Facility. Absolute uptake rates (ρ) and biomass (PN)-specific uptake rates 

(V) were blank corrected and calculated according to the equations provided in Dugdale and 

Wilkerson (9). 

 

18S rDNA sequencing and analysis 

Samples were collected and analyzed following Wang et al. [10]. Briefly, 1-2 L of near-surface (5 

m) seawater was collected from the same CTD casts, filtered onto a 0.22 µm filter (Millipore, 

Billerica, MA, USA) using a peristaltic pump and flash frozen in liquid nitrogen. DNA was later 

extracted using the Qiagen DNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA) with the 

addition of internal DNA standards as described in Lin et al. [11]. Importantly, the standards (0.679 

ng/5.78 x 106 rRNA gene copies of Schizosaccharomyces pombe gDNA) per sample were added 

before an initial bead beating lysis step prior to DNA extraction. The addition of the internal 

standards allows for quantification of the abundance of rDNA reads per L of seawater [12].  

PCR amplification was performed to target the V4 region of the 18S rDNA gene using 

universal primers for marine eukaryotic taxa modified to improve coverage of haptophytes 

(Forward: 5’-CCAGCASCYGCGGTAATTCC-3’, Reverse: 5’-ACTTTCGTTCTTGAT-3’) [13, 

14]. Primers were each dual-indexed with 6 bp long barcodes using a heterogeneity spacer 

approach [15]. The PCR reactions consisted of 2.5 µL 10x PCR buffer, 0.5 µL dNTPs (10 mM 

each), 1 µL MgSO4 (50 mM), 0.5 µL of each primer (10 µM), 0.2 µL Platinum Taq DNA 

Polymerase High Fidelity (Thermo Fisher Scientific, Waltham, MA, USA), and 19.3 µL of sterile 

water. Reactions were run with an initial 3 min denaturing step at 94°C, then 30 cycles consisting 

of 94°C for 30 s, 57°C for 1 min, and 72°C for 1 min, followed by a final step of 72°C for 10 min. 

PCR products were purified using the Qiagen QIAquick PCR Purification Kit and quantified with 

a Qubit 3.0 fluorometer (Life Technologies, Carlsbad, CA, USA).  

Barcoded samples were pooled at equimolar concentrations and sequenced on an Illumina 

MiSeq at the Duke Center for Genomic and Computation Biology with V3 chemistry and 300 bp 

paired-end reads. Raw reads were trimmed, assembled and quality filtered with PANDAseq [16] 

following Fadrosh et al. [15]. Primer and other non-biological spacer sequences were removed 



using TagCleaner [17]. OTUs were clustered based on 97% similarity using USEARCH [18] and 

annotated using the SILVA database (Release 123.1)[19]. Taxonomy assignment was conducted 

using the RDP classifier v2.2 [20].  Alignment was performed using PyNAST [21]. Absolute 

abundance of each OTU was calculated by dividing the number of OTU reads by the recovery 

ratio of the internal standards and the volume of seawater filtered [12]. After taxonomy 

assignment, internal standard and metazoan sequences were extracted and filtered from the 

taxonomy tables. 

 

Phylogenetic analysis 

Sequences were obtained from PhyloDB which includes sequences from the Marine Microbial 

Eukaryote Transcriptome Sequencing Project [22, 23] and from the JGI Genome Portal [24], 

KEGG [25], and UniProt [26] then were aligned with MUSCLE in Geneious Pro v10.2.2 [27]. A 

maximum likelihood phylogenetic tree of the reference sequences was created with RAxML v8.2.9 

(PROTGAMMALG model) with 100 bootstraps [28]. Final trees were visualized and edited with 

Archaeopteryx v0.9916 [29].  



Supplementary Figures 
 
 
Fig. S1. Temperature (blue) and on-deck photosynthetically active radiation (PAR; green) during 
the incubations for each site. Plotted values are for every 15 minutes from a HOBO Data Logger 
(Onset, Cape Cod, MA, USA). 
 

 
  



Fig S2. Relative abundances of the taxonomic groups from the initial seawater based on V4-18S 
ribosomal DNA and the initial seawater and the surface treatments based on RNA transcripts after 
48 hours of incubation for both experimental sites. More detailed taxonomic information is 
provided in Figs. S3, S4, S5, and S7 as well as Dataset S2.  
 
 

 
 

  



Fig. S3. 18S-based relative abundances of the dinoflagellates in the initial seawater at both 
experimental sites on the family and genus level (SILVA). Unassigned OTUs were unable to be 
resolved on the displayed taxonomic levels. 
 

 
 
 
  



Fig. S4. 18S-based relative abundances of the haptophytes in the initial seawater at both 
experimental sites on the order level (SILVA). Family and genus levels are not displayed as most 
OTUs did not have family or genus level assignments. Unassigned OTUs were unable to be 
resolved on the order level. 
 

 

 

  



Fig. S5. 18S-based relative abundances of the prasinophytes in the initial seawater at both 
experimental sites on the family level (SILVA). Unassigned OTUs were unable to be resolved on 
the family level. 
 
 

  



Fig. S6. Abundance of diatoms (rDNA copies L-1) during the cruise within the Sargasso Sea. 
Seawater for the incubations was collected as stations 28 and 54 (blue). The 10% trimmed mean 
of the dataset is shown with a horizontal gray dashed line. Values on the y-axis are plotted on a 
log scale. 
 
 

 
  



Fig. S7. 18S-based relative abundances of the diatoms in the initial seawater at both experimental 
sites on the genus level (SILVA). 
 

  



Fig. S8. Heatmaps for (A) the 927 expressed KOs where the gene was not detected in one group 
other than diatoms, and (B) the 1,358 expressed KOs where the gene was detected in diatoms and 
only one other group. Gray bars indicate that the gene was not detected. 
 
 

 



Fig. S9. Heatmap of KEGG ortholog (KO) abundances grouped by each KEGG module category 
(BRITE Level B) for the genes found to be uniquely overrepresented for each group shown in Fig. 
5B.  
 

 
 

  



Fig. S10. Heatmap of variance stabilized transformed counts [30] for nitrogen metabolism genes 
displayed in Fig. 6.  
 
 

 

  



Fig. S11. Midpoint-rooted maximum likelihood phylogenetic tree of nitric oxide dioxygenase 
(NOD) sequences. Bootstrap values ≥ 50 are shown, and the scale bar represents 0.1 amino acid 
substitutions per position. Labels are colored corresponding to their taxonomic groupings. Nodes 
consisting of sequences of species within the same genera are collapsed with the genus name and 
the number of nodes/species denoted in brackets.  
 
 

 
 
 
  



Fig. S12. Alignment of nitric oxide dioxygenase (NOD) sequences. Red bars indicate the globin 
and FAD binding domains. Binding sites are marked (brown). The amino acids at site 93 represent 
the iron binding domain and the amino acids at site 206 represent the FAD binding site. 
 

 
  



Supplementary Datasets 
 
Dataset S1. Sequencing information for each sample. The number of paired-end (PE) reads for 
both the high output (HO) and rapid run (RR) were quantified after quality trimming. 
 
Dataset S2. 18Sv4 OTUs for both sites with SILVA taxonomy. 
 
Dataset S3. Log2 fold change values for KEGG Orthologs displayed in Fig. 5B.  
 
Dataset S4. Differential gene expression results in diatoms from DESeq2 for the DSW versus 
surface condition. 
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