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Summary of results from the award : 
Our overarching goals in this project were to : 
 
• Develop and improve high-throughput sequencing methods and analytical 
approaches for quantitative analyses of microbial gene expression at the Hawaii 
Ocean Time Series Station and the Bermuda Atlantic Time Series Station.   
 
• Conduct field analyses following gene expression patterns in picoplankton 
microbial communities in general, and Prochlorococcus flow sorted from that 
community, as they respond to different environmental variables (light, 
macronutrients,  dissolved organic carbon), that are predicted to influence 
activity, productivity, and carbon cycling.  
 
• Use the expression analyses of flow sorted Prochlorococcus to identify 
horizontally transferred genes and gene products, in particular those that are 
located in genomic islands and likely to confer habitat-specific fitness 
advantages.  
 
• Use the microbial community gene expression data that we generate to gain 
insights, and test hypotheses, about the variability, genomic context, activity and 
function of as yet uncharacterized gene products, that appear highly expressed 
in the environment. 
 
As we describe below, we achieved the above goals, and even more over the 
course of the project.  This includes a number of novel methodological 
developments, as well as the standardization of microbial community gene 
expression analyses in both field surveys, and experimental modalities.  The 
availability of these methods, tools and approaches is changing current practice 
in microbial community analyses. 
 
Number of students trained:  4 
 
Number of postdoctoral scholars trained:  12 
 
Number of publications:  18 (4 in PNAS, 2 in Nature, 1 in Science) 
 



Narrative of activities and deliverables 
 
Sample collection and field expeditions 

We conducted three separate field campaigns directly associated with this 
project for metagenomic, metatranscriptomic and microbial community 
perturbation analyses.  The first was an oceanographic cruise north of Hawaii, to 
conduct microbial perturbation metatranscriptomic experiments (details described 
below).  The second was an oceanographic cruise in the Sargasso Sea 
(Bermuda Atlantic Time series station, BATS) to collect a bacterioplankton depth 
profile for metagenomic and metatranscriptomic analyses. The third was an 
oceanographic cruise in the north of Hawaii (Hawaii Ocean Time series station, 
HOT) also to collect a bacterioplankton depth profile for metagenomic and 
metatranscriptomic analyses.  Another cruise that followed up on our initial 
observations on microbial community transcriptional profiles in response to 
dissolved organic matter addition, was conducted in late May 2010 in the North 
Pacific Subtropical Gyre. 
 
Metagenomic analysis 

Metagenomic analyses have been conducted in a comparative analyses 
analyses of HOT and BATS time series station depth profiles.  The Chisholm lab 
published a manuscript in PNAS, describing the diagnostic nature of these 
comparisons (Coleman and Chisholm, 2010).  In brief, comparative analyses of 
genomes of highly represented reference species (Prochlorococcus, 
Pelagibacter) from HOT and BATS revealed differences in gene content almost 
exclusively related to phosphorus uptake and utilization.  These genomic 
differences reflected environmental differences in phosphate concentrations 
between the two sites, and point to the diagnostic nature of genome content with 
respect to the environmental conditions to which they have adapted.  In addition, 
a comparison of community wide metagenomic profiles in the North Pacific was 
published (Shi et al, 2011a), that showed the ability of metatranscriptomics to 
reveal the taxa and metabolic pathways relevant to biogeochemical cycling in 
different habitats.  
 
Metatranscriptomic methods development and analyses 

A major goal was achieved when we reported the first microbial 
community transcriptomic analysis that combined linear RNA amplification 
(allowing small sample sizes and therefore rapid sampling), with next generation 
sequencing technologies (allowing massively parallel sequencing of microbial 
community transcripts) (Frias-Lopez et al, 2008).  This work, including both 
methodological and analytical advances, has ushered in a new era of 
transcriptomic analysis in natural microbial communities. 

We continued to refine and improve our metatransciptomic methods and 
sequencing approaches.  We found the switch from older Roche GS20 
pyrosequencing technologies(100 bp reads) to new FLX and Titanium 
sequencing technologies (250 - 500 bp reads) led to increases in ribosomal RNA 
content (80-90 %) in the metatranscriptomic libraries.  Since commercial kits for 



rRNA removal were not effective the DeLong lab has successfully developed an 
in-house method to physicially subtract total microbial community RNA from 
environmental RNA samples.  The method is effective, and allows increases of 5- 
10 fold in the number of non-rRNA reads in metatranscriptomic samples.  A 
manuscript (Stewart, Ottesen, Delong) and detailed protocols was published in 
2010 in the ISME Journal,  reporting the methods, along with and statistical 
approaches for analyzing microbial community transcriptomic datasets.   

In addition to the microbial community analyses, the Chisholm lab has 
developed custom rRNA-capture beads designed to specifically remove 
Prochlorococcus 16S and 23S ribosomal sequences from whole RNA samples.  
To generate these capture beads, we first designed 16 biotinylated 
oligonucleotides that recognized conserved regions in cyanobacterial 16S and 
23S rRNA sequences.  Oligonucleotide probes were then bound to streptavidin-
coated magnetic beads.  These beads can be used to capture Prochlorococcus 
ribosomal sequences by incubating them in suspension with extracted RNA.  
After incubation, the beads are removed from suspension, along with the 
captured rRNA, leaving an enriched sample of mRNA for constructing cDNA 
libraries.  Initial tests with RNA collected from cultured strains of Prochlorococcus 
show virtually complete removal for ribosomal RNA.  The Chisholm lab  has 
tested this removal strategy on RNA extracted from Prochlorococcus sorted from 
natural communities. 

We have also developed a sequencing pipeline for use with Illumina 
platform that will now give us high-throughput, low cost sequencing for 
transcriptomic and metatranscriptomic analyses  (Rodrigue et al, 2009).  The 
pipeline involves experimental and computational components that yield millions 
of reads that can exceed 200 bp with quality scores approaching that of 
traditional Sanger sequencing. The method combines an automatable gel-less 
library construction step with paired-end sequencing on a short-read instrument. 
With appropriately sized library inserts, mate-pair sequences can overlap, and 
we describe the SHERA software package that joins them to form a longer 
composite read. This strategy is broadly applicable to sequencing applications 
that benefit from low-cost high-throughput sequencing, but require longer read 
lengths. We have demonstrated that our approach enables metagenomic 
surveys using the Illumina Genome Analyzer with low error rates, and at a 
fraction of the cost of pyrosequencing.  

Finally we have developed, bench tested, and field tested in situ 
autonomous, robotic collection and fixation of aquatic field samples,  for 
metatranscriptomic analysis. Microbial population dynamics and biogeochemistry 
in the ocean is under-sampled especially on temporal scales of minutes to hours 
to days.  Yet these time scales encompass very important oceanographic 
processes, including diel cycles, microbial population succession, and the onset 
and demise of large phytoplankton blooms. To address challenges associated 
with obtaining high resolution samples on relevant time scales, we developed 
protocols for automated collection of samples for metatranscriptomic analysis 
using the MBARI-developed Environmental Sample Processor (ESP) in 
collaboration with Chris Scholin at MBARI.   In brief, we showed that the ESP can 



collect, fix, and store for at least one month, intact microbial RNA samples that 
are indistinguishable from parallel samples that were flash frozen and analyzed 
in the lab immediately.  The deployment of these protocols now allows 
autonomous time series measurements over extended periods, for 
metatranscriptomic analyses. Validation of the protocols,  and the results of field 
tests in a moored ESP of the deployment in Monterey Bay were completed and 
published in the ISME Journal (Ottesen et al., 2011). 
 
Microbial community perturbation experiments and biogeochemical cycles 
 One of our central goals is to develop and refine approaches to examine 
microbial community gene expression in response to environmental variation.  
One specific is to determine the kinetics and impact of microbial response in 
gene expression on biogeochemical processes, in particular the carbon cycle.  
We are focusing both on whole community analyses (synecology, DeLong lab), 
as well as on specific groups like Prochlorococcus  (autecology, Chisholm lab).  
(The autecological approach has the advantage that Prochlorococcus 
can be separated from the bulk community by flow cytometric sorting).  Using our 
newly developed methodologies, we conducted field experiments to identify the 
genes, path-  ways, and organisms that respond to enrichments of carbon 
substrates (high molecular weight dissolved organic material; HMW-DOM), and 
nutrients (inorganic PO4 and mesopelagic water amendments) in open ocean 
planktonic microbial communities.  By tracking changes in whole community and 
Prochlorococcus-specific DNA and cDNA abundance throughout the experiment, 
we have identified gene suites that are up or down-regulated in response to 
these nutrient perturbations.  Phylogenetic analyses based on  
flow cytometry and cell sorting, as well as community DNA and RNA 
abundances, revealed that specific components of the bacterial community 
responded differentially to HMW-DOM additions.  Ribosomal RNAs and 
functional genes associated with gammaproteobacteria related to Alteromonas, 
Idiomarina and Methylophaga were up-regulated at different time points over the 
course of the experiment in DOM incubations, relative to unammended controls. 
In contrast, Prochlorococcus and Pelagibacter cell numbers and transcripts 
representation did not change significantly between controls and treatments, or 
over the time course of the experiment. The metatranscriptomic analyses 
suggested rapid DOM-stimulated gene expression and growth responses in 
gammaproteobacteria in particular.  DOM induced specific metabolic pathways,  
that appear to reflect a metabolic cascade involving multiple species, that 
catalyzes a stepwise multispecies degradation of DOM. The specific metabolic 
pathways involved indicate that methylated sugars, and single carbon compound 
utilization, are important components of the pathways. This work was published 
in PNAS (McCarren et al, 2010).  A companion paper, that examined in parallel 
at the transcriptional  responses of surface water microbial communities to deep 
seawater amendment was published in the Environmental Microbiology (Shi et 
al, 2011b).  This work demonstrated the differential transcriptional responses of 
an identical community to deep water nutrients versus DOM, and showed the 
microorganisms and biochemical pathways involved in the response. 



 
Novel small RNAs revealed by metatranscriptomics 
Previous metatranscriptomic studies have suggested that many cDNA sequences 
share no significant homology with known peptide sequences, and therefore 
might represent transcripts from uncharacterized proteins. We found that a large 
fraction of cDNA sequences detected in a metatranscriptomic datasets are 
comprised of well-known small RNAs (sRNAs), as well new groups of previously 
unrecognized putative sRNAs (psRNAs). These psRNAs mapped specifically to 
intergenic regions of microbial genomes recovered from similar habitats, 
displayed characteristic conserved secondary structures, and were frequently 
flanked by genes that suggested potential regulatory functions. Depth-dependent 
variation of psRNAs generally reflected known depth distributions of broad 
taxonomic groups, but fine-scale differences in the psRNAs within closely related 
populations suggested potential roles in niche adaptation. Genome-specific 
mapping of a subset of psRNAs derived from predominant planktonic species like 
Pelagibacter revealed recently discovered as well as potentially new regulatory 
elements. Our analyses published in Nature show that metatranscriptomic 
datasets can reveal new information about the diversity, taxonomic distribution 
and abundance of sRNAs in naturally occurring microbial communities, and 
suggest their involvement in environmentally relevant processes including carbon 
metabolism and nutrient acquisition (Shi et al, 2009). 
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