
Prochlorococcus in Context:

 Introduction
 Prochlorococcus is a numerically dominant photosynthetic prokaryote residing 
in subtropical and tropical oceans. It plays a key role in global carbon and energy 
cycles. Although members of the Prochlorococcus lineage are closely related, they 
have evolved significant genetic differences. The question our laboratory is address-
ing involves how this genetic diversity translates into variation in photosynthetic 
capacity and the ability to survive environmental stress. 
 In order to extend our understanding from the laboratory to the open ocean, 
we have conducted a metagenomic analyses of the Sargasso Sea, where Prochlo-
rococcus is often predominant among bacterioplankton. We aim to characterize 
the Sargasso Sea microbiome and understand how environmental selection shapes 
Prochlorococcus populations at different depths in the water column. We hypoth-
esize that the partitioning of bacterioplankton (and specifically Prochlorococcus) 
populations and functions will exhibit significant differences between near-surface 
(40 m) and deeper (100 m) waters. These differences should illuminate micro- and 
macro-scale heterogeneity in key physico-chemical properties and biological interac-
tions in the open ocean. We will attempt to answer these questions through com-
parative taxonomic and functional analysis along with contrasting cultured and un-
cultured genomes.

 Metagenomics
 Metagenomics is the appli-
cation of genomics to uncultured 
assemblies of organisms in the 
natural environment. It is a fairly 
recent field; the first paper on ma-
rine metagenomics was published 
in 2004 (1). 
 During August of 2009, the 
Ting Lab conducted field work in 
the Sargasso Sea (31° 40.00’N, 
64° 10.00’W) on board the R/V 
Atlantic Explorer. For each envi-
ronmental sample, we collected 
over 240 liters of sea water. We 
subsequently filtered the water 
(between 0.2 um and 1.6 um) to 
collect bacterioplankton with Steri-
pak filters (Millipore). All samples 
were immediately stored in liquid 
nitrogen and chemical buffers. We 
then shipped the samples back to 
our laboratory at Williams Col-
lege. The Ting lab spent close 
to year optimizing environmental 
DNA isolation before extracting 
the genetic material from our ocean water. We then sent the extracted DNA to the 
Department of Energy’s Joint Genome Institute (Walnut Creek, CA) for Illumina se-
quencing. In February 2012, the Joint Genome Institute began the process of upload-
ing the metagenomes into the IMG/M annotation pipeline. 
 Further analysis was carried out with the MG-RAST pipeline (2), MEGAN 

(3), STAMP (4), and in-house programs written in Python, 
Perl, and R. Computation was outsourced to Luis, a server 
in Jesup Hall running CentOS 6 with 64 AMD 6380 cores 
at 2500 MHz, 64 gigabytes of memory, and 2.7 terabytes of 
disk space. Some of the analyses were extremely computa-
tionally intensive. Taxonomic profiling of the 100 m dataset, 
for example, took 1013 comparisons and three weeks on Luis.

 Taxonomic Profiling 
 We hypothesized that 
the composition of bacterial 
phytoplankton at 40 m and 
100 m will differ significant-
ly. In order to describe the 
taxonomic distribution of our 
environmental samples, we 
identified genes in each scaf-
fold and then assigned them 
to operational taxonomic 
units (OTU’s) in a process 
called binning. Gene calling 
was carried out by comparing 
each scaffold to the NCBI-nr 
reference database. Genes were 
subsequently binned into OTU’s 
with the least common ancestor 
(LCA) algorithm (Fig. 2).
Notably, we discovered that the 40 m microbiome is dominated by Cyanobacteria 
and, in particular, Prochlorococcus. The 100 m microbiome is extremely diverse. 

 12-strain Comparison 
 

 In order to illumi-
nate the microdiversity 
between cultured and 
wild-type Prochloro-
coccus, the genes of 
all 12 cultured strains 
were compared to the 
environmental scaf-
folds. The number of 
subsequences produc-
ing significant align-
ments (hits, with sig-
nificance determined 
by e-score) with these 
genomes were totaled.
 Although the 
Prochlocococcus pop-
ulation decreases in 
abundance with depth, 
lineages and eco-
types trade dominance 
throughout  the water 

column. The number of matches between the environmental 
sequences and cultured strains appropriately reflects this dis-
tribution (6) (Table 2). While members of the large clade of 
recently differentiated lineages have more matches to subse-
quences of the 40 m sample, members of deeply branched lin-
eages have more matches with the 100 m sample.    

 Functional Characterization
 We expect the functional profiles of the wa-
ter column to reflect micro- and macro-scale 
physico-chemical and biological characteristics. 
To describe the functional landscape of our 
metagenomes, we categorized proteins into hei-
rarchical subsystems. Subsystems are a gener-
alization of the term “pathway.” Protein-coding 
genes were queried against the SEED database for 
subsystem classification (6) (Fig 4).
• The functional landscapes of the 40 m and 100 

m bacterial communities are strongly correlated 
(r = .962) indicating conservation of broad com-
munity functions. 

•	Prochlorococcus at 40 m has a similar function-
al landscape as its community (d = .89) but 
Prochlorococcus at 100 m is dissimilar to its 
community (d = 3.07). This is consistent with 
Prochlorococcus’s	dominance of the 40 m sample.

• In both communities, Prochlorococcus accounts 
for the majority of photosynthetic potential.

• Interestingly, the number of stress response 
genes associated with Prochlorococcus is 
higher at 100 m than at 40 m. 

• Communities loose their photosynthetic po-
tential with depth.

 Signature Analysis
 To learn more about uncultured, environmental Prochlorococcus	at 40 m and 100 
m, we used sequence signatures to examine inter-genus differentiation (7). We com-
puted tetranucleotide profiles for Prochlorococcus-specific scaffolds with a 1-bp sliding 
window and summed pairs of reverse complementary tetranucleotides. Principal com-
ponents analysis revealed distinct partitioning of Prochlorococcus	gene signuatures	at 
100 m. The smaller group (cluster 1) is closly related to MIT 9303, while the larger 

group (cluster 2) 
contains sequences 
that bear similarity 
to a broad mix of 
cultured and uncul-
tured strains. 
 The two clusters 
have similar func-
tional profiles but 
differ in several 
ways. For exam-
ple, cluster 2 has a 
greater proportion 
of photosystem I 
genes (not shown).  
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Figure 1: A schematic for the procedure used in metagenomics. It 
shows key steps from initial field work to the functional identification and 
taxonomic profiling of over 375,000 proteins. Future work involves metatran-
scriptomic analysis: the study of gene expression in these samples.

Figure 2: Taxonomic distribution of the 14 most populous groups at the Do-
main, Phyla, and Genus level. Groups outside the top 14 have been summed and 
labeled as “Other”. 

Figure 3: Map of the distribution of shared sequences between MIT 9301 and our environ-
mental samples. This distribution is modeled by inner (40 m) and outer (100 m) lineplots with a 
0.5% scale. Position along the genome (bp x10,000) is shown around the edge. Red lines con-
nect points<0.01%. Barplots of odds ratios between expected (genomic) and regional propor-
tions show functional over- and underrepresentation in islands of interest. Hits were filtered by 
e-score (1e-10), ensuring that highly similar sequences are registered along with identical match-
es. The number of hits per gene is indicative of abundance and primary sequence conservation 
(8). “Low Regions” mark the locations of novel, unconserved genomic islands: hotspots of recom-
bination and critical contributers to genetic diversity. “High regions” mark areas of conservation.

Table 2: The number significant 
alignments is reported for each strain 
of Prochlorococcus, along with the 
Prochlorococcus core genome. 

Figure 4: SEED subsystem distribution of 
all genes, Prochlorococcus-specific genes, and 
Prochlorococcus-excluded genes at 40 m and 100 
m. Values are standardized log scores and hierar-
chical clustering is based on euclidian distance (d).

Figure 5: Plots of the first three principal components of Prochlorococcus’s tetranucleotide profile at 
100 m and 40 m (%[G+C] histograms, inset). The 100 m plot has been colored by it’s k-means clusters. On 
the right is a comparative functional analysis between the two 100 m clusters. Wilson confidence intervals 
and Bootstrap t-tests (100,000 replicates) were computed for each subsystem. 

Table 1: Summary of the 40 m 
and 100 m Sargasso Sea data.

-Potassium Metabolism
-Photosynthesis
-Mobility and Chemotaxis
-Dormancy and Sporulation
-Secondary Metabolism
-Metabolism of Aromatic Compounds
-Nitrogen Metabolism
-Sulfer Metabolism
-Iron Acquisition and Metabolism
-Virulence, Disease, and Defense
-Phages, Prophages, Plasmids
-Cell Division and Cell Cycle
-Regulation and Cell Signaling
-Respiration
-Stress Response
-Phosphorus Metabolism
-Membrane Transport
-Nucleosides and Nucleotides
-Fatty Acids, Lipids, and Isoprenoids
-Cell Wall and Capsule
-DNA Metabolism
-RNA Metabolism
-Cofactors, Vitamins, Pigments
-Amino Acids and Derivatives
-Carbohydrates
-Protein Metabolism
-Miscellaneous
-Clustering-Based subsystems
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