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SUPPLEMENTARY METHODS 

Berube et al. Physiology and evolution of nitrate acquisition in Prochlorococcus 

DNA sequencing and assembly for the P0902-H212 and P0903-H212 enrichment 

cultures. Genomic DNA from the P0902-H212 and P0903-H212 cultures was isolated using 

the QIAamp DNA mini kit (Qiagen, Germantown, MD, USA). 2 µg of DNA was then used to 

construct Illumina sequencing libraries as previously described (Rodrigue et al., 2009); this 

protocol used a double solid phase reversible immobilization size-selection in which the 

bead:sample ratios were 0.9 followed by 0.21 in order to purify fragments with an average 

size of ~220 bp (range: 100-300 bp). DNA libraries were sequenced on an Illumina GAIIx, 

yielding 200+200 nt paired-end reads, at the MIT BioMicro Center.  

Low quality regions of sequencing data were removed from the raw Illumina data 

using quality_trim (from the CLC Assembly Cell package, CLC bio, Cambridge, MA, USA) 

with default settings (at least 50% of the read must be of a minimum quality of 20). Paired-

end reads were overlapped using the SHE-RA algorithm (Rodrigue et al., 2010), keeping any 

resulting overlapping sequences with an overlap score > 0.5. Both the overlapped reads, as 

well as the trimmed mate pair reads that did not overlap, were assembled using 

clc_novo_assemble (from the CLC Assembly Cell package, CLC bio) with a minimum contig 

length for output set at 500 bp and the wordsize automatically determined for the input data. 

We identified the most “Prochlorococcus-like” contigs by searching each resulting contig 

against a custom database of sequenced marine microbial genomes (Coleman & Chisholm, 

2010) using BLAST (Camacho et al., 2009). Contigs with a best match to a non-

Prochlorococcus genome were removed from the assembly and reads mapping to only the 

Prochlorococcus contigs were then re-assembled using clc_novo_assemble with the same 

parameters as above. 

The P0902-H212 and P0903-H212 assemblies had total lengths (3.93 and 3.95 Mb, 

respectively) that were approximately twice the size of previously sequenced 

Prochlorococcus genomes (Kettler et al., 2007). The contigs in each assembly were binned 

based on average sequencing coverage. The subset of most highly covered contigs for the 

P0902-H212 assembly had a total length of 1.86 Mb, with 97% of the total sequence found in 

contigs > 10 kb with an average sequencing coverage of 105x (± 9x, standard deviation). The 

subset of most highly covered contigs for the P0903-H212 assembly had a total length of 1.93 

Mb with 98% of the total sequence found in contigs > 10 kb with an average sequencing 

coverage of 339x (± 17x, standard deviation). The highly covered subsets from each assembly 
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were annotated using the RAST server (Aziz et al., 2008) with FIGfam release 49. These 

annotated contigs were most similar to the Prochlorococcus NATL1A genome sequence. 

Aligning the highly covered subsets of contigs in each assembly against the Prochlorococcus 

NATL1A genome using the progressiveMAUVE algorithm in MAUVE v 2.3.1 (Darling et 

al., 2010) revealed that the majority of contigs mapped to Prochlorococcus NATL1A. 

Identification of genes related to nitrogen and phosphorus acquisition. Genes 

encoding nitrogen and phosphorus metabolism proteins (Supplementary Table 1; 

Supplementary Figure S5) were identified primarily from COGs (clusters of orthologous 

groups of proteins). However, in some cases the clustering algorithm combined or split 

known COGs. We used three main methods to manually curate genes related to nitrogen and 

phosphorus acquisition: by adjacency to subunit counterparts, phylogeny, or comparison to 

previously published results (Martiny et al., 2006; Martiny et al., 2009; Scanlan et al., 2009). 

Phylogenetic analysis. The amino acid phylogeny of 56 Prochlorococcus and 

Synechococcus strains (Supplementary Figure S2) was reconstructed using 537 single-copy 

core genes that were translated to amino acid sequences and aligned individually in protein 

space using ClustalW (Larkin et al., 2007). Using the principle previously described (Kettler 

et al., 2007), we randomly concatenated 100 of these aligned amino acid sequences and built 

maximum likelihood (ML) and neighbor joining (NJ) phylogenies using PHYLIP v3.69 

(Felsenstein, 2005). We repeated the random concatenation and tree generation 100 times. 

The phylogeny of the GyrB protein was used to reconstruct the phylogeny of 

incomplete genomes (e.g. P0902-H212 and P0903-H212) (Supplementary Figure S3). The 

gyrB gene has been found to be a useful phylogenetic marker that correlates well with 16S 

and rpoC phylogenies (Mühling, 2012). Phylogenetic trees were estimated with PHYLIP 

v3.69 using the programs SEQBOOT, PROTDIST with the Jones-Taylor-Thornton matrix 

and without a gamma distribution of rates among sites, and NEIGHBOR on the aligned amino 

acid sequences with WH5701 used as an outgroup. Maximum likelihood trees were estimated 

on the gyrB resampled datasets using the PROML program from PHYLIP v3.69 (Felsenstein, 

2005). We included the W2, W4, W7, and W8 single-cell genomes (Malmstrom et al., 2013) 

as well as the HNLC1 and HNLC2 metagenome assemblies (Rusch et al., 2010) as 

representatives of lineages from the HLIII and HLIV clades of Prochlorococcus. 

The phylogeny of the cynA gene (Supplementary Figure S7) was reconstructed using 

reference genomes and environmental clones from the Gulf of Aqaba, northern Red Sea 

(Kamennaya et al., 2008). Nucleotide sequences were aligned by codon using MACSE 
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(Ranwez et al., 2011) and the phylogenetic analysis was conducted in MEGA5 (Tamura et al., 

2011) by using the maximum likelihood method based on the Jukes-Cantor model (Jukes & 

Cantor, 1969). There were a total of 652 positions in the final dataset after eliminating 

positions containing gaps and missing data. 

Southern blotting. For detection of narB gene copies in HLII genomes, a digoxigenin 

(DIG) labeled RNA probe was constructed. The narB gene from MIT0604 was amplified 

using the primers narB34F (5’-TGCCCWTATTGYGGTGTWGGHTG-3’) and narB2099R 

(5’-ATBGGRCATGWYTKYTCRTGC-3’) at an annealing temperature of 57oC. The narB 

amplicon was cloned into a pCR4 plasmid vector (Life Technologies, Grand Island, NY, 

USA), which was then linearized by digestion with BglII (New England Biolabs, Ipswitch, 

MA, USA). Antisense DIG labeled RNA complimentary to the 5’ end of the MIT0604 narB 

gene was synthesized by run off in vitro transcription at 37oC for 2 hours in a reaction 

containing 1 µg of the linearized plasmid, 1x DIG RNA Labeling Mix (Roche Applied 

Science, Indianapolis, IN, USA), 1x Transcription Buffer (Roche Applied Science), 40 U of 

T7 RNA Polymerase (Roche Applied Science), and 20 U SUPERase-In RNase Inhibitor (Life 

Technologies). Labeling efficiency was estimated in a spot hybridization assay using known 

concentrations of DIG labeled control RNA (Roche Applied Science) and detection of narB 

gene from MIT0604 and SB was confirmed in a dot blot using genomic DNA and PCR 

amplicons of narB from each strain. All hybridizations were conducted using positively 

charged nylon membranes with the DIG Luminescent Detection Kit (Roche Applied Science) 

according to the manufacturer’s recommendations. Blots were imaged using a ChemiDoc 

XRS+ System (Bio-Rad Laboratories, Hercules, CA, USA). Genomic DNA from axenic 

cultures of MED4, MIT9301, MIT0604, and SB was separated by pulse field gel 

electrophoresis using a CHEF-DR II electrophoresis system (Bio-Rad Laboratories) according 

to the manufacturer’s recommendations. Cells were embedded in 1% agarose at a 

concentration of 1.5 x 109 cells/mL and lysed using proteinase K and lysozyme. Genomic 

DNA was digested with either ApaI or BsiWI (New England Biolabs) and separated by 

electrophoresis for 24 hours at 14oC, 6 V/cm, an initial switch time of 1 s, and a final switch 

time of 25 s. DNA was blotted to a positively charged nylon membrane, probed with the DIG 

labeled narB probe, and imaged as described above (Supplementary Figure S4). 

Growth in the presence of urea. Axenic cultures of Prochlorococcus SB and 

Prochlorococcus MIT0604 were grown in modified PRO99 media in Sargasso seawater with 

50 mM NaNO3 as the sole N source at 24oC and 30 µmol photons m-2 s-1 on a 14 hours light 
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and 10 hours dark cycle. At late exponential phase, each culture was transferred to replicate 

tubes that contained modified PRO99 media with 50 mM NH4Cl, 50 mM urea, or no N as a 

control. Growth was monitored by flow cytometry using a FACSCalibur (BD Biosciences, 

San Jose CA, USA) and specific growth rates were estimated from the log-linear portion of 

the growth curve (Supplementary Figure S6). 
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