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PROJECT DESCRIPTION 

We propose to leverage our experience in technology development (in proteomics, selection-genomics, and computational modeling) and experience in the biology/ecology of three microbial systems sequenced by (and of key interest to) DOE to integrate the four GTL goals (below) in the context of the main DOE missions (energy production/carbon sequestration and environmental clean up).  The microbial genera proposed include uncultivated isolate plus Prochlorococcus, a group of species responsible for a major fraction of the earth's microbial carbon fixation, Caulobacter, a species relevant to dilute scavenging and bioremediation as well as cell division, Pseudomonas, displaying a broad range of metabolic pathways including chemical/biological toxins and well-studied biofilms.  We emphasize the computation theme of optimality and the concept that overconstraining integrative models with comprehensive datasets facilitates examination of inconsistencies for insights into data collection issues and biological discoveries.

Goal 1 -- Identify and Characterize the Molecular Machines of Life.  We will use (1a) "Proteogenomic Mapping," (1b) "Quantitative Interaction Proteomics", and (1c) "Proteomic Cellular Deconvolution" to move progressively from crude cell models consisting of lists of expressed gene products to well-determined systems in which concentrations, subcellular localizations, genomic structures (1-, 3- and 4-dimensional), and protein-protein interactions are known.  

Goal 2 -- Characterize Gene Regulatory Networks.   (2a) Use the above methods together with RNA arrays to monitor the network interactions as a function of external environmental changes, in particular, environmental stresses including light, temperature, metals, radiation, chemical and biological toxins, and phage infection.  (2b) Use informatics to identify potential regulatory motifs upstream of co-regulated genes, as determined from microarray analyses including significant combinations of motifs.  (2c) We will correlate and test the above hypotheses with selection data on mutations in each gene and genetic domain (goal 3d)  and mass spectrometry of protein complexes selected by solid-phase versions of the motifs.

Goal 3 -- Characterize Complex Microbial Communities in their Natural Environments at the Molecular Level." (3a) Study the in situ microdiversity of planktonic microbial populations, the metabolic connections between taxa, and the role of cyanophage in shaping the structure of these communities. (3b) Functional Diversity Arrays and Single Cell Activity Multiplexing

(3c)  Extend newly developed "in situ" amplification methods to explore the location of cells with specific RNA profiles in microbial communities such as biofilms, aquatic gradients.

(3d) Use genome-wide transposon tag array quantitation to survey the relative fitness of thousands of different genotypes in a mixed microbial population subjected to the same stresses as in goal 2.  Further develop and apply a method to detect differences in large genomic regions  
Goal 4 -- Develop Computational Methods to Understand Complex Biological Systems and Design new Systems.  (Flux Balance=FBA, Minimum Perturbation=MPA, and 4D-cell)

(4a) Integrating Metabolic and Regulatory Networks: Application of MPA to Goal 2. 

(4b) Addition of metabolic genes with MPA  (Goal 3a)

(4c) Ecosystem Flux Balance Analysis, cross-feeding  (Goal 3b)

(4d) Compartmentalized FBA and MPA  (Goal 3c)

(4e) Our spatiotemporal (4D mechanical/compartmental) model of a biosynthesis and cell division will be extended to the interactions and organisms in goal 1.  Our software will be available as open source.

COMPUTATIONAL & TECHNOLOGICAL RATIONALE

The importance of "optimality" in biology is hard to overstate.  From the folding of proteins to the functioning of large ecosystems, Darwinian processes have found globally optimal solutions (or remarkably powerful local optima).  We can now perturb these patterns on a global scale as we respond to our own Darwinian urge to survive as the only known species capable of planning new optima.  However, our biological sciences have only recently garnered the requisite combination of holistic tools that might plausibly allow us to tackle such designs on a large or small scale. In particular, the revolutionary "omics" tools are just now becoming ready for integration with system modeling of simple cells in realistic environments.

To engineer an organism or ecosystem, one needs unprecedented understanding, which in turns requires modeling of quantitative spatial and temporal data on nearly all molecules in the cell and nearly all of the organismal types within an ecosystem.  We propose to develop the most comprehensive and accurate methods to measure and model these interacting components.  The three microbial systems chosen represent important targets in themselves as well as ideal for developing systems measures and models that would be difficult to establish in other organisms, but will eventually be applicable very broadly.
BIOLOGICAL RATIONALE  

A major effort in goal 3 will be to examine the genomic diversity within a “meta-population” of co-occurring Prochlorococcus populations to better understand variability at this level, and also explore the metabolic diversity of the heterotrophic bacteria that co-occur with these autotrophs ( 99% of which are uncultured to date.   Our goal is to better understand the metabolic potential of these different rRNA-types, study the flow of carbon from Prochlorococcus to them, and look for the production of signaling compounds by Prochlorococcus in response to them (goal 2).  The cellular machinery of these cells is optimized at slow growth rates (roughly one doubling per day), relative to model microbes such as E. coli.  The cells are adapted to an extremely dilute environment (P and N levels at 1-20 nM levels) in which they grow at near maximal growth rates for existing light and temperature levels ( i.e. they are not in a state of ‘shutting down’.  Part of goal 4 is to model the metabolic interactions within the community with fluxes similar to and interfaced with the intracellular models.  In goals 1 & 2 we show the power of proteomics, RNA profiling, and population selection methods applied to species, which replicate with a doubling time of 24 hours or more.  These methods do not require the unnaturally rapid replication rates (30 minutes) found in laboratory strains of E. coli (Wada, et al. 2000).  The rationale behind the diverse genera chosen is presented below.  Throughout the proposal we try not to depend on the common microbial practices of frequent colony purification or homologous recombination in the DOE-relevant species.  We do have cutting-edge research in homologous recombination as exemplified in goal 1, and so will be prepared to apply it if the need and opportunity arises.

Strategic Choice of Three Diverse Genera

We have chosen three genera of bacteria to represent major categories of microbial life styles, cell-to-cell interactions and ecological constraints.  The rationale is outlined below. 

1. CARBON ACQUISITION    

a. Prochlorococcus is an autotroph   ( indeed the smallest known autotroph with the smallest number of genes.  Thus it represents the smallest number of genes (about 1700) that can make life from “non-life”  i.e. inorganic compounds and the sun’s energy.   Natural habitat is a well-mixed and highly dilute environment.

b. Caulobacter has the highest ability to scavenge low concentration compounds of any known prokaryote.

c. Pseudomonas may have the greatest known degradative and biosynthetic diversity per cell among prokaryotes due to its relatively large genome size of ~ 6MB. 

2. LIFE FORMS

a. Prochlorococcus – planktonic, individual cells

b. Caulobacter – planktonic and substrate bound (dependent on life stage)

c. Pseudomonas – planktonic, substrate bound and biofilm forming

3. SYNCHRONY 

a. Prochlorococcus – defined cell cycle and (potential) circadian synchrony 

b. Caulobacter – life stage synchrony

c.  Pseudomonas – community synchrony mediated by quorum sensing

4. COMMUNITY COMPLEXITY  

What keeps the species in balance so that the number of species does not drop with time (as it does in many artificial ecosystems)?

a. Pseudomonas – cell-to-cell interactions within a biofilm

b. Prochlorococcus – Not likely to be part of a physically constrained consortium.  But possibly quorum sensing.   The microbial community in its natural environment is very diverse giving rise to opportunities for multiple interactions and dependencies.  

c. Caulobacter – as per Prochlorococcus when in planktonic stage, as per Pseudomonas when substrate bound

5. GRADIENTS WITHIN ENVIRONMENTS

a. Pseudomonas – steep gradients of compounds within biofilms

b. Prochlorococcus – gradients of resources with ocean depth.    Different ecotypes are distributed differently with depth.

c. Caulobacter – chemotaxis in gradients.

6.  MICRODIVERSITY (ECOTYPES) WITHIN THE THREE GENERA    

For  Prochlorococcus we have two genomes that differ in size by 40% and  are 2% different in rRNA sequence (see below).  For Pseudomonas the 4 genome sequences differ maximally by 15% increase in size.  For Caulobacter we have only one genome sequence.  

Much of the proposal focuses on Prochlorococcus as illustrative of the goals for all three, rather than enumerate analogous details for the other two genera.  Prochlorococcus also has the smallest genome & proteome, which will offer technical advantages. Therefore the bulk of the resources will be devoted to it throughout the grant.  Nevertheless the other species will help determine the generality of the approaches, have the advantages described above and are needed to tie together this amazing community of researchers where certain technical advances are happening in the other two organisms -- for example, Pseudomonas for the GIRAFF mismatch method (Sokurenko, et al. 2001) and transposon methods; Caulobacter for DNA-protein interactions and cell-cycle (Laub et al. 2000*;  Laub et al. 2002*).
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Figure 0a.   Electron micrograph of Prochlorococcus cell, and a flow cytometric signature of a Prochlorococcus population in the “wild”.  One of the advantages of studying this group is that one can easily monitor its distribution and abundance in its natural habitat by its distinct light scatter and chlorophyll fluorescence signals.   Thus we can begin to understand the biology of this organism at scales ranging from the genome to global ecology [ www.sb-roscoff.fr/Phyto/ picoplan.html,  www.com.univ-mrs.fr/IRD/cyano/ cyano_forum/pico/pico.htm]

Prochlorococcus
Because of its simplicity, its relevance to DOE’s mission in energy and carbon management, and its global significance, Prochlorococcus represents an exciting candidate for the Genomes to Life Program.  Less than one micron in diameter, with a minimum of 1700 genes, it is a dominant component of the photosynthetic machinery of the oceans.    Discovered only 15 years ago (Chisholm et al. 1988, Chisholm et al. 1992), Prochlorococcus  accounts for roughly 30% of the total chlorophyll in the mid-latitude oceans (Goericke and Welschmeyer 1993; Li 1995; Veldhuis et al. 1997), and sometimes as much as 80% of the total primary production (Liu et al. 1997).  Often present at 108 cells per liter in the open ocean, it “may well be the dominant organism on this planet” (Mullineaux 1999).  We have estimated Prochlorococcus’  global abundance to be roughly 1025 cells (100 moles!), which is an order of magnitude more than the total number of human cells on Earth.   
Unlike heterotrophic microbes, Prochlorococcus is not dependent on the organic products of other cells.   This “minimal phototroph” is as free living as a cell can be ( requiring only sunlight, CO2, and inorganic nutrients to proliferate.  Moreover, the microdiversity within this group is well documented both in laboratory cultures and in field populations, which allows us to gain insights into the origins and nature of variability in cellular networks, and the forces that shape and sustain microbial diversity.   

The documented microdiversity within the group we call Prochlorococcus is embedded in a complex microbial community that constitutes the base of the marine pelagic food web.  While the genomic revolution continues to reshape our view of bacterial “species”, genomic and post-genomic approaches are only beginning to be extended effectively to the exploration of these natural microbial communities.  The challenge lies in understanding the extent and nature of genomic adaptation and variation in communities under natural selection, and the response repertoire afforded to cells by the underlying genomes.

Over the last decade, we have learned through the elucidation of rRNA gene diversity that microbial diversity in the environment is much larger than previously assumed and that cultured organisms poorly represent the organisms found in the environment.  The functional significance of rRNA variation is yet to be determined; however, comparative sequencing of genomes of closely related strains and of genome fragments recovered from the environment suggest that rRNA variation does not adequately represent functionally significant genomic variation.  Genomics has also highlighted the importance of lateral gene transfer in the acquisition of evolutionary novelty, and laboratory experiments have revealed that loss of genes can be rapid when populations experience relaxed selection or environmental change. 

Thus it is becoming increasingly clear that the idea of a microbial “species” is flawed, and must be replaced by an evolutionarily and ecologically meaningful term based on genomic information.  There are multiple scales of resolution by which an organism can be identified.   On one end of the spectrum is the phylotype as defined by the rRNA sequence.   At the other end is the complete genome sequence.   The former does not properly describe the diversity in protein coding genes, and the latter is far too stringent; cells that function identically in a given environment need not have identical genomes.   What is the range of genome similarity that defines a functional ecological unit?    How many can co-exist in a well-mixed environment?     Is there a core genome that is shared by all, and peripheral genes that are frequently lost and regained?  To what degree do microbes in the wild share genetic information by recombination and what is the role of phages or transposons in this process?  At what degree of sequence divergence do recombination events become rare and new ecotypes  (i.e. closely related but genetically and ecologically distinct strains) emerge?  Finally, what selective regimes favor diversification at the genome level?  Answers to these questions are essential for understanding the evolution and maintenance of complex microbial communities.  
*   *   *

Here we propose a multidisciplinary effort aimed at the DOE Genomes To Life Program using Prochlorococcus and its accompanying microbial community as our model system.    Prochlorococcus is uniquely suited for attacking both of these goals for several reasons:   The complete genome sequences of two of the ecotypes, MED4 and MIT9313 ( which differ by 2% at the 16S rDNA locus ( have recently been completed by the JGI.  Like other closely related genomes, they have common genomic backbones as well as major differences.   Unlike most other systems, however, the differences between these ecotypes have been interpretable in terms of known ecological and phylogenetic differences.  This is possible in part because the ecology and physiological diversity of Prochlorococcus is well studied, in part because it is a simple phototroph, and in part because its natural habitat is a well-mixed simple environment where relevant environmental parameters that dictate its distributions can be easily measured.   Although we should not be surprised to find such agreement between properties and behaviors at the genetic, organism, and population level (since the latter emerge from, and feed back upon, the former) we have been  inspired by how clearly some of the differences at the genome level can be mapped onto the ecological distributions of the ecotypes in field populations. 

DOE Relevance of Prochlorococcus

The oceans contribute 40% of the total photosynthesis on Earth.  This drives the “biological pump” in the surface oceans, which exports carbon to the deep sea where it is naturally sequestered.  If the pump were turned off, the concentration of CO2 in the atmosphere would more than double (Sarmiento and Orr 1991).  Given the significance of this pump in regulating atmospheric CO2 concentrations, it is important that we understand the cellular processes of the organisms that drive it ( the phytoplankton.  Despite the astounding diversity of extant phytoplankton species, a significant fraction of oceanic primary productivity is carried out by two closely related groups of cyanobacteria ( Prochlorococcus and Synechococcus.  In the oligotrophic seas Prochlorococcus alone can account for up to half of the total chlorophyll (Partensky et al. 1999; Partensky et al. 1999).  These tiny cells ( the smallest oxygenic phototrophs in the sea ( have been extraordinarily successful in dominating the oceanic carbon cycle. 

General Characteristics of Prochlorococcus
Prochlorococcus is very closely related to the Marine A cyanobacterial cluster (Palenik and Haselkorn 1992; Urbach et al. 1992), forming a single lineage within the cyanobacteria, with 96% similarity in their 16S rDNA sequences (see below, goal 3).  The major light harvesting complexes of nearly all other cyanobacteria consist of phycobilisomes, a defining characteristic of this group (Grossman et al. 1993; Sidler 1994).  In contrast, Prochlorococcus lacks phycobilisomes, and contains divinyl chlorophyll a (chl a2) and divinyl chlorophyll b (chl b2) as its major photosynthetic pigments (Goericke and Repeta 1992).  The latter enable it to efficiently absorb the blue light in the deep ocean (Morel et al. 1993; Moore et al. 1995).  However, some strains have recently been shown to contain the gene for phycoerythrin, and traces of this pigment within the cells (Hess, et al. 2001; Ting, et al. 1999, 2001)

Prochlorococcus is very abundant (often 105 cells ml-1) in the oligotrophic waters between 40(N and 40(S (Partensky et al. 1999), a range that is consistent with its temperature optima when grown in culture (Moore and Chisholm 1999).  Distinct “ecotypes” (using the term to loosely describe physiologically and genetically distinct, but closely related isolates; some would call these different species)  exist within the genus ( exemplified by MED4 and MIT9313 ( which we have called high and low light-adapted based on the optimum light intensity for growth, and the range of their chl b/a ratios over the course of photoacclimation (Moore et al. 1995; Moore et al. 1998; Moore and Chisholm 1999) (Fig 1 A, B).  Phylogenies constructed using rDNA sequences reveal clades that cluster the ecotypes according to these differences (Moore et al. 1998; Urbach et al. 1998; Rocap et al. 1999) (see section below), and depth distributions of ecotypes in the field are consistent with these groupings (Ferris and Palenik 1998; Urbach and Chisholm 1998; West and Scanlan 1999).  
Caulobacter
"Caulobacter crescentus is the most common nonpathogenic bacterium in nutrient-poor freshwater streams. In the swarmer phase of its three-phase life cycle, C. crescentus is motile and chemically sensitive, characteristics that help it locate nutrient sources. In its nonswarmer phase, it adheres to solid substrates such as rocks. Microbial Genome Program (MGP) scientists are determining the DNA sequence of the genome of C. crescentus, one of the organisms responsible for sewage treatment." (http://www.ornl.gov/hgmis/publicat/microbial/image2.html)

In addition it is an organism for which cells can be naturally synchronized in their division cycle stages, displays asymmetric cycle division. Relevant RNA microarray data and location data have collected (Laub et al. 2000*; Laub et al. 2002*).   
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Figure 0b above.  Caulobacter cell division time series from Yves Brun (http://info.bio.cmu.edu/Courses/03441/TermPapers/99TermPapers/Caulo/intro.html)

Pseudomonas
Pseudomonas is capable of colonizing niches that range form water and soil to tissues of plants and animals. This ability to thrive in a variety of environments is in part reflected in its complex genome (over 6 Mb for strain PAO1) and the coding capacity of ca. 6,000 proteins, which is similar to the simple eukaryote Saccharomyces cerevisiae.  Moreover, the annotation of the genome of  PAO1 revealed that it contains a large number of proteins which are homologous to transcriptional regulatory proteins.  Indeed, over 400 such genes have been identified and they represent 6.7% of all annotated genes, the highest percentage regulatory genes found in sequenced microbial genomes. This indicates that the regulation of the large number of genes in the P. aeruginosa genome requires the activities of a correspondingly large number of regulatory networks.  The thousands of adjustments in the levels of various proteins in the cell, which allow P. aeruginosa to thrive in a particular environment is accomplished by transduction of signals to regulatory proteins leading to selective repression and activation of gene expression. 

"Pseudomonads are noted for their metabolic diversity and are often isolated from enrichments designed to identify bacteria that degrade pollutants. Bioremediation applications seek to exploit the inherent metabolic diversity of P. fluorescens to partially or completely degrade pollutants such as styrene, TNT and, polycyclic aromatic hydrocarbons (Baggi, et al. 1983; Gilcrease & Murphy 1995; Caldini, et a. 1995) . In addition, strains can be modified genetically to improve their performance in particular applications.  A number of strains of P. fluorescens ... [produce] secondary metabolites including antibiotics, siderophores and hydrogen cyanide (O' Sullivan, D.B., and O'Gara, F. 1992)." (http://www.jgi.doe.gov/JGI_microbial/html/pseudomonas/pseudo_facts.html)
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Figure  0c from Denkar & Ausubel 2002* see attached. Confocal Scanning Laser Microscopy (CSLM) analysis of biofilm formed by wild-type PA14 and antibiotic resistant (RSCV) expressing GFP.  Scale bar 50 µm.
"Goal 1 -- Identify and Characterize the Molecular Machines of Life – the Multiprotein (Multimolecule) Complexes that Execute Cellular Functions and Govern Cell Form"

The importance of peptide tandem MS data relative to other methods: 

If one thinks broadly about the methods available for "complexes", a dozen potential methods (and various combinations) leap to the front as foundations for augmenting homology/literature based models.  These include: (a) two-hybrid assays (Steffen et al. 2002*), (b) in vitro assays (Bulyk et al 2001, 2002), (c) antibody/protein arrays (Mcbeath et al. 2001), (d) in vivo fluorescent tag microscopy, (e) fluorescence resonance energy transfer (FRET) (Ting et al. 2001), (f) whole protein-MS (Smith et al. 2002),  (g) 2Dgels (Link et al. 1997;  Grunenfelder et al. 2001) , (h) in vitro crosslinking, (i) electron microscopy/ crystallography/ NMR, (j) native complex fractionation (Link et al. 1997), (k) peptide-MS (Chen et al 2001; Link; Li et al 2001),  (l) in vivo crosslinking (Hartemink et al. 2002; Wyrick et al. 2001; Steffen et al 2002b* see attached).   We have experience with nearly all of these methods but will focus on the last three (j-l) in this grant for the following reasons. Some (e,i) are not convincingly poised to be high-throughput enough to monitor a variety of environment effects.  The problem with many light microscopy-based methods (d) is that the spatial resolution is too coarse for the smallest microbial cells.  Two-hybrid data and in vitro pairwise interactions miss interactions that require larger numbers of interacting proteins and nucleic acids.  Furthermore, whole protein-protein interaction data (f) is not as useful as peptide-peptide interactions for docking structures and/or determining possible competing interactions. Peptide data are also preferable to even the most precise protein masses for establishing the phosphorylation state of each peptide site. (Stemmann 2001, Ficarro et al. 2002).

Goal 1a:  Proteogenomic Mapping  

Proper analysis of mass spectrometric data from peptide fragments can lead to enormous insights into the primary structure of an organism's genome.  We have developed "proteogenomic mapping" as a technique to represent information about proteins and peptides discovered through mass spectrometry on a genome-based scaffold.  Using this technique, we were able to re-assign proper boundaries to ORFs and discover new ORFs in many instances in Mycoplasma pneumoniae (Jaffe, et al 2002, *see attached).  We were also able to identify certain ORFs that are likely to be bogus in the current annotation.  Application of these methods to the target organisms will more accurately define their genome structures and our understanding of how they operate.  

This is possible through multidimensional chromatography of proteins and peptides coupled to tandem mass spectrometry.  The current plateau using 2-dimensional chromatography of peptides (cation exchange and reverse phase) is about 1500 proteins per experiment (Washburn et al. 2001).  Using in-house modifications of this technique we were able to cover > 80% of expected open reading frames (ORFs) of a small bacterium (Mycoplasma pneumoniae) with a genome on the order of 1 Mb.  However, additional dimensions of chromatographic separations may be added upstream at the protein level to provide both resolution and information.  We will incorporate upstream separations by Size-Exclusion Chromatography (SEC) and Ion EXchange chromatography (IEX) on native proteins prior to proteolytic digestion and further separation of the peptides.  In addition to complexity reduction, these separation techniques contribute information about the size and isoelectric properties of the analytes. (see Goal 1b)
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Figure 1a.  Illustration of multidimensional MS data and of the software for proteogenomic mapping. Note the importance of using all six possible reading frames rather than relying on the genome annotation.  Note that the raw MS data behind all assertions are hypertext linked.

The above figure 1a is a close-up view of all six frames of 1 kbp of the M. pneumoniae proteogenome showing the hypertext connections to the relevant DNA sequences and primary MS2 mass data.  

Figure 1b  (below), in contrast, shows a full-genome view for an initial sampling of  Prochlorococcus peptides.  The usual option for stop codon display has been suppressed for these illustrations.
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We have already developed protocols and software that have allowed us to measure over 80% of the predicted proteins (without use of tags) in a bacterial cell population (Mycoplasma pneumoniae) including subcellular localization and post-synthetic modifications (phosphorylation & proteolysis).  We would propose to move this closer to 100% and larger proteomes.  We estimate that we can analyze up to 1500 proteins using 4-dimensions for peptides (Cation exchange LC, Reverse-phase LC, MS, MS2) and at least 10-fold more using additional protein size exclusion LC (SEC).  

Our community now has 5 operational Finnigan ion-trap mass-spectrometers and 75 Linux CPU nodes.  These are fully loaded and generally not available to microbial proteomics of the type described in the proposal.  Based on our experience with the Mycoplasma proteome pipeline we expect that we will need 10, 20 and 40 Linux CPU nodes per Ion-trap MS instrument for Prochlorococcus, Caulobacter, and Pseudomonas, respectively, for analysis with SEQUEST-PVM (Eng et al., 1994; Tabb, et al, 2001;  http://www.csm.ornl.gov/pvm/).  It should be noted that this version of SEQUEST is more scalable than the commercial version and that we are one of only 4 labs outside of the Yates lab that have access to it due to restrictions by Finnigan.  We will need 6 additional nodes (relatively independent of proteome size) for our multidimensional separation quantitation software (Leptos & Church 2002 in prep. see attached*).  This is a total of 180 Linux nodes on average to match the capacity of the mass spectrometers.  Based on the above, with 5 ion-traps available, we expect to be able to complete data collection in 1 week for each Prochlorococcus light/dark/cell-cycle proteome native subcellular fraction, (2 weeks for Caulobacter), and 3 weeks for  Pseudomonas. For time-series data we anticipate that we may be able to focuse the MS time on the MS spectra and quantitation displacing some of the MS2 and its associated costs will be shifted to the quantitation and modeling tasks, for which scalling costs are still in flux.


One of our first priorities will be to determine the time-resolution necessary for data collection in terms of statistical significance between adjacent time points and biological significance as indicated by modeling simulations.  For example, in a bacterial transcriptional regulatory network, the rate of transcription and translation can occur at about 50 nucleotides per second, and full-length proteins can be synthesized, folded and functional within 30 seconds.  Therefore, current rates of sampling in biological experiments will probably not be sufficient for our computer modeling goals of investigating cause and effect relationships. For example, the 15 minute sampling interval used by Laub et al. 2000*, is theoretically sufficient for 30 distinct regulatory steps to occur, even mediated by the relatively slow process of transcriptional control.  Even a sampling rate consistent with rates of transcription may be too coarse relative to the rapid regulatory steps that can occur in postsynthetic protein modifications, e.g. proteolysis and phosphorylation.  On the other hand, there is no need to collect data more finely than the resolution that the technical specifics of obtaining synchronized cell populations permits.  This will be addressed by comparing three of the best systems for cell division synchronization:  Caulobacter by natural solid phase to motile asymmetric division, Prochlorococcus by circadian entrainment, and Saccharomyces by rapid temperature-shift of a conditional cdc mutant (the Saccharomyces part of the project will be done mainly form other funding sources, however the data will be useful for comparing different synchronization efficiencies to fully survey current practical limits).   We will begin by taking an interval suspected of having rapid proteomic changes from previous (coarse) time-series and successively divide the interval in half until no statistically significant differences can be observed between adjacent time points.  We will also examine time-courses not involving cell-cycle that might display more synchrony, e.g. heat-shock.  For our studies on time-series of antibiotic effects on bacterial RNA profiles (Cheung et al 2002*), we developed simple methods for rapidly collecting time points from pressurized chemostat growth vessels directly into lysis buffers or low temperatures. An interval as short as 2 seconds between samples can be achieved.  One of the computational challenges is to optimally align duplicate and quasi-duplicate time-series that may have non-linear warping of the time axes due to natural and experimental processes.  We have preliminary results on an algorithm to accomplish this (Aach and Church 2001*).  We expect that the performance will be greatly improved with more smoothly varying curves produced by more finely sampled time courses.

Another goal is more comprehensive detection and interpretation of the mass spec peptides.  While this is not common practice, we feel that it will be crucial to biosystems modeling efforts which are often sensitive to missing components . We will take each of the major mass peaks (in decreasing order of abundance) that are unexplained by current software and attempt to resolve the source of the peak.  This type of analysis has the potential to identify new amino-acid modifications (biological and/or chemical) and resolve collision-induced dissociation (CID) prior to the expected MS2 CID step in combination with peptide charge.  We will explore the properties of the predicted peptides as to their observed abundance in the spectrum in an attempt to get higher percent detection than our current average of 30%.  The ionization (and hence detection) seems to be weakest for peptides with more acidic groups. MeOH/HCl esterification of the Asp, Glu and C-termini, appears to be a significant improvement in the missing-peptides problem and probably improves sensitivity overall since every peptide has at least one carboxyl group.  Detection is also weak for phosphopeptides (probably for similar reasons), enrichment for these using Immobilized Metal Affinity Chromatography IMAC (Porath & Olin 1983; Conlon & Murphy 1976) has recently become much more feasible in part because of improvements above which also impact the IMAC adsorption (Ficarro, et al.  2002).  Another option would be EDC coupling of acidic resiudes to cationic amines.

Goal 1b: Quantitative Interaction Proteomics

We will perform "Quantitative Proteomics" to extend the list of translated gene products from goal 1a to their relative and/or absolute abundances in the cell under various conditions in the target organisms.  This is possible through extension of the multidimensional chromatography of peptides above in goal 1a  to proteins.  Additional dimensions of chromatographic separations may be added upstream to provide both resolution and information.  We will incorporate upstream separations by Size-Exclusion Chromatography (SEC) and Ion EXchange chromatography (IEX) on native proteins prior to proteolytic digestion and further separation of the peptides.  In addition to complexity reduction, these separation techniques contribute information about the size and isoelectric properties of the analytes, which in turn facilitates modeling of multi-protein complex composition.

Quantitation of protein products will be performed directly by algorithms currently under development in our laboratories.  (Leptos & Church 2002 in prep. see attached*). We will also explore stable isotope incorporation techniques analogous to Isotope-Coded Affinity Tags (ICAT) (Gygi 1999) and Absolute QUAntitation (AQUA) (Stemmann 2001, Gygi et al unpublished).  We will utilize our resource of purified heterologously expressed proteins to provide a nearly full-proteome set of standards for quantitation calibration and method development.  The development of cloning, sequence confirmation and highly-parallel tag-purification methods is a separately funded ongoing collaboration between our group (Nick Reppas) and the Harvard Institute for Proteomics (Director Josh LaBaer).  In analogy to the studies that we have done and will do on RNA stability (Selinger et al. 2002, see attached*) we will measure protein stability in the presence of protein synthesis inhibitors.  We will also use stable isotope pulse-chase as a check. These decay parameters will be helpful in modeling done in Goal 4.

Goal 1c: Proteomic Cellular Interaction Deconvolution 
We will use various biochemical techniques to isolate proteins from their local cellular environments to generate a high-resolution map of the target organisms. For instance, we have developed methods akin to chromatin immunoprecipitation (Hartemink et al 2002;Wyricket al. 2001; Laub MT et al. 2002*) to determine DNA-binding proteins en masse so that we may accurately place certain proteins physically on the chromosome (Steffen, et al. 2002b* see attached).  These methods take advantage of the fact that formaldehyde will crosslink 12 of the 20 main amino acid side-chains as well as the peptide backbone for all 20 (French & Edsall,1945).  We are also developing methods to determine the set of expressed membrane proteins using solid-phase cell-surface derivatization techniques, and secreted proteins should be easily obtained by simple biochemistry.  Moreover, we can either passively scan or specifically target cellular proteins for alternative post-translational modification states such as phosphorylation and methylation.  Simple peptide derivatization techniques coupled with immobilized metal affinity chromatography (IMAC) have been shown to generate a strong enrichment for phosphopeptides from a complex mixture (Ficarro et al 2002).  Finally, we will trap native protein-protein interactions and enrich for them through the use of affinity-tagged cross-linking reagents such as Sulfo-SBED (Pierce, Inc.).  Taken together, these powerful biochemical techniques coupled with mass spectrometry will allow us to draw a detailed map of the locations, states, and interactions of the proteins which compose cellular systems.  It is also important to note the importance of being peptide-oriented as in Aims 1 and 2 since it helps to determine which segments of proteins interact.  This is a clear advantage over methods such a 2D gels that measure only the mass of proteins.
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Figure 1c. The four reactive groups are (1) Sulfo-NHS ester, a amine group-specific reactivity (typically lysine) , (2) phenyl azide, nonspecific photoreactivity, (3) the biotin handle allows enrichment for peptides which have reacted (via avidin/streptavidin/NeutrAvidin solid phase methods), and (4) thiol cleavable.  Feature 4 allows "reduction" of  mass spectra derived with two N-termini (Chen et al 2001*)

http://www.piercenet.com/Products/Browse.cfm?fldID=02030410#

For crosslinking, a significant problem is half-links.  Using Strong Cation Exchange columns (SCE) one can collect the >= +4 peak due to two alpha-aminos plus two Lys/Arg termini. Only single peptides with more than one His and/or LysPro and/or ArgPro will be co-elute, but these can occur in higher abundance than the crosslinked peptides.  A condensing agent (such as 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide, EDC) avoids half-links,  but is not general as it works on salt-bridges (Asp/Glu with Lys) and has only the single SCE selection.  The Pierce triple-agent (see Figure 1c, above) looks like a promising solution in combination with SCE. Since the peptides would have to pass both the SCE >= +4  and the biotin selections efficiently.

"Goal 2 -- Characterize Gene Regulatory Networks" 
Our initial focus will be on MED4, the high-light adapted strain of Prochlorococcus, because it has the smallest genome of the two sequenced ecotypes.  We will analyze its responses to a set of well-defined experimental perturbations (light, temperature, and carbon) to help us begin to understand and construct a model of their cellular architectures.   We also propose to determine how such responses change in the presence of members of the natural community.  Transcriptional, translational and post-translational responses will be analyzed, to identify as completely as possible, the stimulons associated with each perturbation.   Selected analyses will also be carried out on MIT9313, the low-light adapted ecotype, following our conviction of the power of a comparative approach.  One of our foci is to understand the regulatory functions that direct the response of the cell to environmental change ( i.e. the cascade of events that bring about acclimation of metabolism to new conditions. This includes identifying the molecules and proteins involved in sensing and transmitting messages, the modulons and regulons associated with these regulators, the interactions of regulators with promoter sites, and the mechanism of the phenotypic change associated with these molecular responses.  
BACKGROUND AND PROGRESS TO DATE  - Goal 2

Environment/Gene Interactions:   Key Environmental Variables for Prochlorococcus
As a phototroph, Prochlorococcus thrives in the oceans using a minimal and well-defined set of resources. Thus it is not difficult to design experiments that will test the dominant environmental perturbations that a cell might encounter.  Analyses of a cell’s complete transcriptional and translational program in response to such perturbations will provide new perspectives on its regulatory networks by revealing genes that are co-regulated, and post-translational modifications that modify protein activity across a variety of conditions.  Analyses across a variety of environmental variables, and comparison of the two ecotypes, will provide insights on the inter-relationship between pathways and processes.  It is also likely to help in identifying regulatory proteins that link metabolic pathways and may expose presently unknown links.  In this proposal we will be focusing on light, temperature, and carbon acquisition, and the interaction with heterotrophs and bacteriophage, thus we review here what is known about the genes involved in dealing with these variables in Prochlorococcus.

Light: Photoadaptation and Photoacclimation   

One important difference between Prochlorococcus and other cyanobacteria is the presence of only one copy of psbD, which encodes the Photosystem II reaction center polypeptide D2.  Furthermore, MED4 also possesses only one copy of psbA (which codes for D1) while MIT9313 has two copies, which encode identical polypeptides.  Multiple gene copy numbers and iso-forms of these proteins directly affect the ability of the reaction centers to respond to light stress and photoinhibition (Bustos and Golden 1992; Oquist et al. 1995; Soitamo et al. 1996).  As shown above the two ecotypes of Prochlorococcus have distinct differences in light optima and in their chl b2/chl a2 ratios (Moore et al. 1995; Moore and Chisholm 1999) (Fig. 1 A,B).  They also differ in the number of genes encoding the major light- harvesting chl-binding protein (pcb).  MED4 possesses only one pcb gene, while MIT9313 has two and the low light-adapted isolate SS120 has as many as seven (Garczarek et al. 2000).  In studies of acclimated steady-state cultures of MED4 psbA transcript levels were always higher at high irradiances (García-Fernández et al. 1998).  In cells grown on light/dark cycles, photosystem and antenna protein genes exhibit very different rhythms (Garczarek et al. 2001).  In particular, the pcbA mRNA, shows two peaks and two minima (i.e. two complete cycles within 24 h).  This is very different from the well-studied circadian expression patterns of light-harvesting proteins of virtually all other organisms, both prokaryotes and eukaryotes (Paulsen and Bogorad 1988; Piechulla 1993).  Therefore it is relevant to elucidate whether and the extent to which these coordinated changes differ between the two ecotypes and what their functional implications are.   

Despite its overall reduced genome size, MED4 has as many as 21 genes encoding putative high-light-inducible proteins (HLIP's) while MIT9313 has only nine putative HLIP genes.  Although it has been suggested that HLIP's may be involved in photoprotection, their exact role is still unknown.  In Synechococcus PCC7942, the expression of a closely related gene, hliA, is strongly induced by high irradiances or UV/blue light (Dolganov et al. 1995).  In Synechocystis PCC6803, the levels of all five Hli polypeptides were found to be elevated in high light, and three of these proteins were also elevated in response to other stresses. (He, 2001 #1041).  These results clearly point to the necessity of a combination of methods both at the RNA and protein level, including gene tagging and gene knock-outs if possible to address the role of Hli proteins.

In contrast to other cyanobacteria (including Synechocystis), neither of the Prochlorococcus genomes contain known photoreceptor genes, such as those encoding phytochromes, which have very important functions in cyanobacteria: CikA in Synechococcus elongatus serves to reset the clock in response to light (Schmitz et al. 2000), RcaE in Fremyella diplosiphon is critical for complementary chromatic adaptation (Kehoe and Grossman 1996), and Synechocystis Cph1 appears to be a taxis receptor (Vierstra and Davis 2000).  Thus how might Prochlorococcus sense light?  One candidate for a light sensor in Prochlorococcus is phycoerythrin, which has been evolutionarily retained in the genome of MED4, as a highly derived single ( phycoerythrin gene (Hess et al. 2001; Ting et al. 2001).

The use of microarrays to examine the expression of the many HLIP-like genes in MED4 and MIT9313 will enable us to establish whether the transcription of these genes is enhanced under specific light conditions, and to understand further their possible role in photoacclimation.   The application of proteomics analysis (Goal 1) will show whether fluctuations in mRNA steady state levels are translated into corresponding changes in protein abundance, and a more in-depth analysis of the phycoerythrin function might unravel a novel function for this well-known pigment.

Cell Synchrony induced by light-dark cycles:   One of the key advantages of the Prochlorococcus system for studying cellular networks is that the cell division cycle synchronizes beautifully when grown on a light/dark cycle (Vaulot et al. 1995; Mann and Chisholm 2000; Holtzendorff et al. 2001).    This has been well documented in the laboratory as well as the field (Figure 2a, below).  It is unknown if cell division is regulated by a circadian clock, but it is intriguing that MED4 and MIT9313 contain homologues to two of the three components of the clock in Synechococcus PCC7942 (kaiB and kaiC).   
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Carbon Metabolism

Inorganic Carbon:  Prochlorococcus MED4 and MIT9313 possess one contiguous stretch of genes involved in carbon assimilation that was likely obtained by horizontal gene transfer (HGT) from purple bacteria.  The gene order ( csoS1A(ccmK)-rbcLS-csoS2-csoS3-orfA-orfB in MED4 and csoS1A(ccmK)-rbcLS-csoS2-csoS3-orfA-orfB-csoS1A(ccmK) in MIT9313 ( is highly similar to that found in chemoautotrophs such as Thiobacillus.  Some of these genes have more (csoS1A to ccmK) or less (orfA and orfB to ccmL) homology to genes known to be involved in the cyanobacterial carbon concentrating mechanism (CCM).  The important role of Rubisco in carboxysome assembly (Kaplan and Reinhold 1999) makes it plausible that the entire CCM and Rubisco complex in Prochlorococcus (and marine Synechococcus) was acquired by HGT.  Whether this variant CCM provides an ecologically significant advantage in acquiring CO2 remains to be seen. 

An efficient CCM requires the active uptake of inorganic carbon in the form of CO2 and/or HCO3- and the creation of an elevated local CO2 concentration within the carboxysome, in close proximity to Rubisco (Kaplan and Reinhold 1999).  In cyanobacteria, carbonic anhydrase, which is associated with carboxysomes (Price et al. 1992; So and Espie 1998), generates CO2 from the accumulated HCO3-. Carbonic anhydrase exists in three distinct classes, and is widespread in metabolically diverse species from both the Archaea and Bacteria.  Its role is particularly well investigated in cyanobacterial CO2 fixation (Smith and Ferry 2000), thus it is all the more surprising that neither of the Prochlorococcus genomes contains a gene with homology to any of the known carbonic anhydrases.  Moreover, there are no genes with homology to any known transporters for inorganic carbon, such as the ABC-type bicarbonate transporter found in Synechococcus PCC7942 (Omata et al. 1999), or orf427 in Synechococcus PCC 7002, which has been implicated in CO2 uptake (Klughammer et al. 1999). 

The exposure of Prochlorococcus to CO2-limiting conditions and the analysis of the responding genes will help us understand how these processes are performed in Prochlorococcus.  It is likely that we will begin to identify completely unknown genes involved in carbon uptake and concentration.  These results will have significant implications for understanding C13/C14 isotope discrimination in Prochlorococcus, which in turn has profound implications for calculating global carbon flux and marine productivity.

Organic Carbon:  Although we have not demonstrated growth or utilization of organic carbon compounds by Prochlorococcus, analysis of the completed MED4 and MIT9313 genomes has revealed suggestive evidence of genes which may be involved in organic carbon uptake and its potential use as a carbon and energy source.  Both strains have genes with closest similarity to known transporters for melibiose and oligopeptides, and possess an intact pentose phosphate shunt, which can allow utilization of reduced organics such as melibiose as a sole source of carbon and energy (i.e. dark, heterotrophic growth).  Additionally, both appear to possess an acs homologue, encoding acetyl-CoA synthetase, which is capable of converting acetate (after entering the cell by passive diffusion) into the central metabolism intermediate acetyl-CoA.  They have the potential to utilize oxidized organics such as acetate as auxiliary carbon and energy sources by incorporating the carbon into biomass as amino acids and fatty acids, and can derive some energy from an (incomplete) citric acid cycle.  However, both strains lack key gluconeogenic capabilities preventing them from using these organic carbon compounds as sole sources for growth and energy.    Finally, MIT9313 has a gene cluster whose closest similarity is known transporters for maltodextrins (oligomers of glucose), as well as amylomaltase, the cytoplasmic enzyme that cleaves the oligosaccharide.  For many of the catabolic pathways studied in other systems, the nutrient itself can act as an inducer of the genes encoding the transporters and cytoplasmic enzymes. Several well-studies examples include E. coli grown on lactose, maltose, and arabinose (Beckwith 1996; Schleif 1996).
Temperature – Heat/Cold Shock Proteins 

The temperature optimum of Prochlorococcus MED4 for growth is 24(C, and the maximum and minimum are 28(C and 12.5(C respectively (Moore et al. 1995).  Exposure of cells to temperatures of 28(C results in an immediate decrease in growth rates and is followed by a cessation of cell division and a rapid decline in chlorophyll concentration per cell (Ting. et al, in prep.).  In general, the exposure of organisms to sublethal high temperatures results in the selective induction of a specific class of proteins that are highly conserved among archaea, bacteria, plants, and animals (Ellis and van der Vies 1991; Vierling 1991).  The majority of these heat-induced stress proteins function either as molecular chaperones, promoting the folding of newly synthesized or unfolded proteins, or as proteases, degrading abnormal and misfolded proteins (Ellis and van der Vies 1991; Hendrick and Hartl 1993; Parsell and Lindquist 1993). Past work on protein synthesis patterns of E.coli during steady-state growth near its temperature limits for growth has revealed that the levels of many proteins are increased or reduced (Herendeen et al. 1979; Neidhardt and Van Bogelen 1987). While the levels of several proteins involved in transcription or translation were lower at these temperature extremes, the amounts of those proteins involved in energy metabolism were higher. It would therefore be important to determine whether similar changes in protein profiles are observed for Prochlorococcus. Western blot analyses indicate that the major molecular chaperone, GroEL, is expressed constitutively in Prochlorococcus, as it is detectable both in control and heat-stressed cells (Ting. et al, in prep.). Comparative analyses of the Prochlorococcus MED4 and MIT9313 genomes show that they both possess genes encoding the major molecular chaperones, including groEL, groES, dnaK, dnaJ, grpE, and htpG.  

At the other extreme of temperature is cold shock.  Exposure of microorganisms to sudden decreases in temperature induces a distinct set of genes, several of which play key roles in countering the effects of cold on membrane fluidity, transcription, and translation (Phadtare et al. 2000).  Unlike heat shock, the cold shock genes are not highly conserved among the bacteria, although evolutionary convergence has apparently provided different groups of bacteria with unrelated genes of similar function.  Cyanobacterial genes whose expression is induced upon cold shock include the fatty acid desaturase genes desA and desB of Synechococcus sp. (Sakamoto and Bryant 1997), the RNA helicase gene crhC of Anabaena sp. (Chamot and Owttrim 2000), the heat shock protease gene clpB of Synechococcus sp. (Porankiewicz and Clarke 1997), and a family of RNA-binding genes (rbp’s) in Anabaena variabilis (Sato 1995).  Both MED4 and MIT9313 strains of Prochlorococcus appear to have homologues of desB, as well as two or three other fatty acid desaturases as well, respectively. MED4 has two homologues while MIT9313 has three homologues of the rbp’s of Anabaena variabilis. Both strains have homologues of clpB, and homologues of two cold shock genes of E. coli, the transcriptional terminator gene nusA, and the cold-shock ribosomal factor gene, rbfA (Jones and Inouye 1996; Phadtare et al. 2000).  The latter gene’s product alters the ribosome during the transient cold shock, thereby adaptating the translation process to the lower temperature (Jones and Inouye 1996).  After this adaptation, expression of the shock genes declines, and translation of the bulk mRNAs of the cell and organismal growth resumes (Jones and Inouye 1996; Phadtare et al. 2000).

Thus, although Prochlorococcus has a very narrow temperature range for growth, it possesses a full complement of genes encoding the putative proteins that have been demonstrated to play a key role in acclimation to temperature stress in other organisms.  
Interaction with heterotrophs

In order to model mechanisms of adaptation of Prochlorococcus to simulated variations in environmental parameters it is important to consider the effects of concurrent adaptations of their native co-inhabitants.  That is because Prochlorococcus is far from alone in the open oceans (see below, Goal 3), and as such has likely evolved survival strategies that have taken into account the environmental changes that are caused by other members of the native biota. A key nutrient to follow is carbon: under light or inorganic carbon stress, are genes involved in organic carbon uptake and metabolism induced in Prochlorococcus?  And if so, how does the presence of heterotrophs affect this response?  Are they competitors, or possibly providers of different forms of organic carbon?  While it is virtually impossible to re-create the open ocean ecosystem in the laboratory for such analysis, we do have at our disposal several heterotrophs native to these waters that have been co-cultivated with the Prochlorococcus ecotypes.  For instance, from the MED4 cultures we have isolated a members of the gamma (Alteromonas alvinellae) and alpha Proteobacteria, and from MIT9313 cultures we have isolated two gamma proteobacteria (Alteromonas macleodii and Halomonas sp. 9313c3) and an alpha proteobacteria (Rhizobium sp. 9313c4) (Bertilsson, unpub).  Hence, we have the potential to add back ecosystem diversity to axenic cultures of MED4 and begin to get an idea of the significance that their presence plays in determining the survival responses of Prochlorococcus in the natural setting.

Axenic cultures of MED4 and another Prochlorococcus strain, MIT9312, were found to excrete up to 30% of total organic carbon into the medium during exponential growth, with marginally less in stationary phase (phosphate-limited) cultures (Bertillson and Pullin, unpub).  Although there was significant variation between replicates, formic, acetic, glycolic, and lactic acids were detected in the dissolved organic carbon fraction of the cultures (Bertillson and Pullin, unpub).  Hence, there is a significant amount of photosynthate excreted into the medium by Prochlorococcus, which can readily account for the maintenance of heterotrophic contaminants.  These contaminated cultures thus also represent model systems to study the flow of organic carbon into the heterotrophic population, using the radiolabeling approach proposed for natural populations mentioned below under Goal 3.  As laboratory-controlled model systems, we can vary the extent of heterotroph and Prochlorococcus diversity, and the environmental conditions to begin to approximate the importance of diversity and environmental stress affect an ecologically-crucial process of organic carbon flux.

Interactions with Phage   

Phage occur at total abundances of 107 ml-1 in the open ocean habitat of Prochlorococcus and are known to outnumber the prokaryotes by a ratio of 10:1 (reviewed in Fuhrman, 1999). Viral infection can have a significant effect on the capacity of autotrophic host cells to fix inorganic carbon (Suttle & Chan, 1993). They also play an important role in regulating phytoplankton population size and dynamics (especially during bloom conditions) and are likely to be one of the forces driving diversity in the natural environment (reviewed in Fuhrman, 1999; Wommack & Colwell, 2000). Viruses also play an important role in the transfer of genetic material from one host to another (Paul, 1999).  

A graduate student in the Chisholm lab, Matt Sullivan, has isolated over 50 clonal phage isolates from natural seawater that infect and lyse various Prochlorococcus strains in our culture collection. These include 3 different families of phage from the order Caudovirales (Podoviridae, Myoviridae and Siphoviridae).  In addition to the ecological and laboratory characterization of Prochlorococcus cyanophage (which is summarized in Goal 3 of this proposal) it is important to note here that multiple phages, including those from different families, can infect and lyse the same host strain. Furthermore, we have identified putative prophage in our Prochlorococcus MED4 and MIT 9313 genomes and have produced phage resistant Prochlorococcus MED4 strains through prolonged exposure to lysis-causing cyanophage (Sullivan, unpubl.). Resistance to phage can be conferred at numerous levels; mechanisms include mutation of phage receptors, changes in the host machinery required by the phage to produce new phage particles, digestion of the phage DNA by restriction-modification systems and lysogeny (Kruger & Bickle, 1983).

Analysis of global gene regulation  

To understand how a cell works one must identify how the repertoire of genes within the cell are regulated at the level of expression. (We use the term gene expression to collectively refer to transcription, translation, and post-synthetic modification of proteins and RNAs)  Extensive analysis of global gene expression patterns in other systems, especially E. coli, has revealed a complex circuitry of gene regulatory cascades (Neidhardt and Savageau 1996).  Multiple adjacent genes are often co-regulated as operons with a common promoter element.  Multiple operons can be regulated by a common regulator, thereby constituting a regulon.  Multiple regulons can be regulated by additional regulatory elements, forming modulons.  Finally, the stimulon is described as “a group of operons responding to a given environmental stimulus irrespective of a regulatory mechanism” (Neidhardt and Savageau 1996).  Therefore, a stimulon may be composed of single or multiple independent regulons.  A major goal for the identification of the architecture of a cell would therefore be to identify the stimulons of key environmental perturbations.  Tools particularly well-designed for this investigation are the global gene expression technologies, DNA microarrays, which measure the complete transcription profile of the cell (the transcriptome) and mass spectrometry analysis of the cell’s protein profile (the proteome).  These technologies also have the capacity to identify possible modulons and regulons by detecting transcriptional regulators whose expression is induced just prior to induction of the modulon / regulon, as described below. 

Microarray analysis of the transcriptome 
 Through genome-wide monitoring of transcription, DNA microarray studies offer the possibility of a genome-wide integrated view of cellular functions (Schena et al. 1995; DeRisi et al. 1997; Eisen and Brown 1999; Wilson et al. 1999).   Although transcriptional profiling and physiological state classification have been the central focus of the majority of DNA microarray applications (Schena et al. 1995; Spellman et al. 1998) - this technology is also applicable to the investigation of fundamental questions of gene regulation and cell physiology. This is particularly so when one analyzes gene expression patterns at short intervals during the transition from one physiological state to another. Such dynamic profiling enables us to observe the development of a regulatory response, increasing the chances of correctly deciphering cause-effect relationships. This technology is even more powerful when a comparative approach is used, in which we can identify motifs that are conserved in homologous proteins that are likely to be functionally or regulationally important. Studying coordinated gene expression patterns in response to environmental stimuli is also the first step toward interpreting sequence data from novel open reading frames in the genomes by noting their co-regulation under a wide variety of conditions with genes of known function.

The Chisholm Lab has a grant from NSF-Biological Oceanography for the construction of whole genome microarrays for Prochlorococcus MED4 and MIT9313 (with matching funds from her Chair at MIT).   The MED4 array is currently in development (see below), and should be available for use soon after the start of this project.   The array for the second ecotype, MIT9313, will be developed as the project progresses, but should be available for comparative purposes at about the middle of the project.  
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Trial Mini Arrays for Prochlorococcus – Progress to date
We have constructed mini-arrays of MED4 to gain experience with the technology and to optimize RNA extraction, labeling and hybridization protocols for our system (see below: Proposed work, Whole Genome Microarrays, for a more detailed description of the microarray protocol).  This initial array consists of genes whose transcription patterns in response to environmental
 stimuli are known from previous experiments with Prochlorococcus as well as a few genes that were expected to respond to each of the perturbations outlined in this study. They contain both highly expressed genes (16S rDNA, psbA, pcbA (García-Fernández et al. 1998; Garczarek et al. 2000)), as well as genes known to be expressed at much lower levels such as cpeB (Hess et al. 1999) and the nitrogen regulatory gene ntcA (Lindell et al. in prep.).  

The trial array consists of custom-synthesized 70 bp sense and antisense oligonucleotides (Operon, Alameda, CA) spotted onto Corning CMT-GAP2 slides.  Optimizations thus far have led to the ability to detect expression of 39 out of 48 genes (81%) above background noise (by comparing signals at the sense and anti-sense oligo spots; two-sample t test, P < 0.01).  The dynamic range for spot detection was over two orders of magnitude.  Initial observations of relative spot intensities for different genes on the trial array strongly correlated with the relative expression values obtained from the same RNA sample with an alternative detection method (quantitative reverse transcription-PCR, see below).  Future analyses will be performed by determining the intensity ratios of two differentially labeled samples at each spot: the treatment sample and the reference sample.  This is to negate potential spot-to-spot printing variations on the microarray that could skew the results and prevent absolute quantitation of RNA (Schena et al. 1995; DeRisi et al. 1997).
Goal 2a: Gene Regulatory Networks in Prochlorococcus 

We propose to analyze the responses of Prochlorococcus MED4 to a set of well-defined experimental perturbations (light, temperature, carbon, heterotrophic bacteria, cyanophage) to help us begin to construct a model of their cellular architectures.   These parameters have been chosen because of their importance in phototrophy, their importance in understanding connectivity in the microbial community, and because they delineate the vertical and geographical distribution of Prochlorococcus in the oceans.  Transcriptional responses will be analyzed using microarray analysis to identify the stimulons associated with each perturbation.   Analyses will also be carried out on Prochlorococcus MIT9313 in selective comparisons, following our conviction that a comparative approach will help us begin to assign function to unknown genes, and better understand the regulatory networks in these cells.  Our long term goal is to understand the regulatory functions that direct the response of the cell to environmental change ( i.e. the mechanisms involved and the cascade of events that bring about acclimation of metabolism to new conditions. This includes identifying the genes whose products are involved in sensing and transmitting messages, the modulons and regulons associated with these regulators, and the mechanism of the phenotypic change associated with these molecular responses.  

Toward this end, we will:

2a.i. Analyze the global gene expression patterns of Prochlorococcus MED4 in response to changes in light, temperature, and carbon availability—using whole-genome microarrays and both steady state and dynamic profiling of gene expression;

2a.ii.  Do the same for cultures that are exposed to heterotrophic bacteria that we find as significant contaminants in our cultures, and phage that we know to infect Prochlorococcus.

2a.iii. Compare these results with similar, but more selective, experiments done with Prochlorococcus MIT9313 (a low light-adapted strain);

2b. Use informatics to identify potential regulatory motifs upstream of co-regulated genes, as determined from microarray analyses including significant combinations of motifs as we have done for a variety of microbial species.

2c. We will correlate and test the above hypotheses with (i) selection data on mutations in each gene and genetic domain in Goal 3d, (ii) the protein data in Goal 1,  and (iii) mass spectrometry of protein complexes selected by solid-phase versions of the motifs.

Environmental Perturbation Experiments – The Raw Material for Analysis

General Considerations for Experimental Design 

As discussed above,  cell division is tightly synchronous when Prochlorococcus is grown on a light/dark cycle, with growth occurring during the day and division at night (Vaulot et al. 1995; Mann and Chisholm 2000; Holtzendorff et al. 2001).  Thus cells grown on light dark cycles have to be harvested at exactly the same time of day for comparisons between conditions, and the results have to be interpreted as cell cycle context dependent.  In order to understand the full range of gene expression patterns over the course of the cell cycle/light-dark cycle, our first experiment with gene expression profiles will be performed hourly over a 24 hour light-dark cycle, under conditions in which the population is doubling once per day.  We will compare these results with those from an asynchronous culture growing at the same growth rate, to determine how much the asynchrony influences the resolution of the gene expression analyses.  These data will provide important information on the cell cycle and light-dependent tasks in the Prochlorococcus cell, as well as inform decisions about the design of future experiments. 

To facilitate the growth of Prochlorococcus such that the population grows synchronously and divides once per day, we have modified a standard Percival constant temperature incubator (Braun, unpubl).  Whereas a standard incubator regulates light in an all or none manner, our modified system can provide artificial sunlight that simulates a sunrise and sunset.  Such a system more closely approximates the light exposure of natural populations, and should avoid unintended shocks of rapid changes in light that can interfere with natural gene expression patterns.

In order to explore the full range and dynamics of gene expression profiles ( apart from changes over the light-dark cycle ( we have in mind a series of experiments that will examine the transient and steady-state response of Prochlorococcus to exposure to sub-optimal environmental conditions.  In these experiments we will be testing both chronic and acute sub-lethal exposure to each environmental variable. We define chronic as steady state growth under sub-optimal growth conditions, and acute as the transition period before the steady state is reached. The chronic sub-lethal exposure experiments will be crucial to our understanding of the cell’s total physiological possibilities within the boundaries for growth (and not just at its optimal growth conditions, which may be rare or absent in nature).  Monitoring the transitions into the stress state by the acute exposure experiments may identify the regulatory elements that establish the response to the environmental perturbation.  That is, a positive regulator of a stress response may be induced first, after which can be seen its induction of the regulated genes. Therefore, these experiments will involve frequent sampling at short intervals (every 10 minutes for 90 minutes) during the transition period.  Another reason for sampling both the transition state and the “acclimated” state is that the gene expression profiles may change after acclimation and resumption of growth, as evidenced by the transitory cold shock response in E. coli (Phadtare et al. 2000).  Therefore, perhaps only by looking at the transition period will we be able to identify the genes involved in dealing with the shock of environmental change. 

Standard Conditions and Measurements:  
Standard growth conditions for each strain will be used as a reference of all experiments with that strain.  Both Prochlorococcus strains will be grown in a chemically-defined artificial sea water medium (Zinser, unpubl.), and standard light and temperature levels will be set to those that yield maximum growth rates (max), based on our previous work (Moore et al. 1995; Moore and Chisholm 1999). For all experimental cultures we will measure ancillary parameters such as the concentration of cells when harvested, the growth rate, chlorophyll per cell, and side scatter as measured by flow cytometry (an indicator of cell size) (Moore and Chisholm 1999).  We will also measure relative DNA/cell using flow cytometric analyses, so that we can characterize where the majority of the cells are in their cell cycles for each sample (Mann and Chisholm 2000).  

We will grow a series of 5 large volume cultures (10 L) of each strain from which RNA and proteins will be extracted. The variability in transcript and protein expression between these five samples will be determined for each open reading frame and will enable us to determine the reproducibility of the assays and provide a “confidence level” for changes in expression that can be attributed to the environmental perturbations. These samples will then be pooled and used as a reference for all experiments with that strain. This approach will also enable us to test expression levels at 6-12 month intervals to ensure that reference gene expression and protein levels remain constant throughout the course of the project.

Light Shift Experiments

Because light is the easiest environmental parameter to manipulate, and its relatively weak coupling with the chemical environment of the culture over short time scales, this set of experiments forms the heart of this proposal.  Since we are just starting gene expression analysis in Prochlorococcus, we are interested in both the steady state expression patterns in cells grown at different light levels, and in the dynamics of expression when the cells are shifted between optimal and sub-optimal levels of light.  To this end, we will grow the cells at light intensities yielding maximal growth rate (max, and then shift the intensity either up or down to levels where the steady state growth rate resumes at ¼ (max due to light limitation or photoinhibition.  We will also shift them temporarily into complete darkness.  Comparative analysis of the global gene expression profiles both in the steady state, and during the transients will allow us to identify key genes involved in photoacclimation and help identify the regulatory elements for this process. By observing the transition from one physiological state to another, and back again, we reduce the chances of observing coincidental regulatory patterns.  Temporary exposure of Prochlorococcus to lethal doses of light irradiance and complete light absence may uncover genes essential for adaptation to these stressful conditions.
This type of design facilitates the observation of the regulatory differences between genes activated by all light intensities as opposed to those activated only in response to intense light exposure. Furthermore, it could also reveal those genes that are 1) up-regulated in the dark, 2) regulated proportionally to the input light signal, and even 3) those required only transiently during the state transitions, whose expression levels return to the base line when the new state has been reached.  Finally, this design should reveal not only the differences between the three states (static data), but also which genes may be required for transient regulatory phenomena. Cause-effect information can be gleaned from measurements of the time-lag between an input signal and the induction of expression of various genes.   Although some regulatory responses will occur on extremely small time-scales, the response of other genes requires the synthesis of new proteins or other interactions before it is observed. Prior experiments with the cyanobacterium  Synechocystis PCC6803 suggest that a period of approximately 90 minutes is required for full transcriptional profile development upon transition from dark to light conditions. In the course of this transition, gene expression dynamics vary markedly among various classes of genes (Gill et al. submitted).   This suggests that for Prochlorococcus, a sampling frequency of 10-20 minutes over the course of a transition will be required.  This is a daunting task, but we think it is doable.

Temperature

For the experiments in which we want to look at changes in gene expression in response to temperature, we will grow Prochlorococcus at a temperature yielding maximal growth rate, (max, and then shift it either up or down to levels where the steady state growth rate resumes at ¼ (max maximal growth rate.  Analysis of the global gene expression profiles of the three steady state growth conditions will help us define how Prochlorococcus adapts to temperature extremes. For instance, are the levels of proteins involved in transcription or translation lower and the levels of proteins involved in energy metabolism higher at the high temperature extreme, as was found for E. coli (Herendeen et al. 1979; Neidhardt and Van Bogelen 1987)?  Analysis of the gene expression profiles of the transition states to sub-lethal and lethal temperatures should help identify the heat shock and cold shock stimulons, and may also identify the regulators of these stimulons. RNA will be extracted from cells following both short (5 min, 30 min, 60 min) and long (24 hrs) exposures. 

Carbon

To establish carbon limitation in the growth cultures we will sparge the headspace of a tightly-capped vessel with N2 gas or commercially-prepared air mixtures (Caslake et al. 1997; Tortell et al. 2000).  The inorganic carbon (primarily HCO3-) in the growth medium acts as a buffer, and by depleting the CO2 from the system, the pH of the medium is expected to decrease.  Therefore, the pH will be monitored during these experiments.  RNA and protein will be extracted and analyzed in carbon limited and control cultures to identify genes induced during CO2-limitation.  Included among this class of genes may be those that increase the carbon concentration capacity of Prochlorococcus, which lacks homologs to known carbonic anhydrases (see Background section).  Genes repressed under these conditions may also provide insight into the classes of genes and physiological responses whose function is beneficial only under carbon-replete conditions.  

To determine whether exposure to specific organic carbon compounds triggers specific induction of gene expression, we will investigate the RNA and protein profile of cultures exposed to organic carbon under a variety of conditions.  Cultures in exponential growth will be monitored in both the light and dark periods of the cycle, as will cultures exposed to prolonged light deprivation (i.e. after cell counts and fluorescence cease to increase).  In the latter experiment, cells will be exposed daily to short bursts (10 minutes) of white light (40 mol m-2 s-1), as such light exposure was found to be necessary for induction of heterotrophic genes and dark growth of the Synechocystis PCC6803 (Anderson and McIntosh 1991).  Carbon compounds to assay will include melibiose, acetate, oligopeptides, and (for MIT9313) maltose and maltotriose (see Background section). Particular attention will be paid to the potential regulatory genes for this heterotrophy: do they exhibit nutrient-specific or more general induction patterns?

Interaction with heterotrophic bacteria

To assess the effects that heterotrophic bacterial populations play in modifying the adaptive responses of Prochlorococcus to environmental stimuli, we plan to repeat some of the above experiments with co-cultures of MED4 and the heterotrophic contaminants found in MED4 cultures and the cultures of other ecotypes.  This work will proceed by isolating the heterotrophs on rich broth or minimal media plates and then adding them back to the axenic MED4 cultures.  Considerable care will be given to ensure the experiments will be performed with reproducible ratios of the mixes species.  Prochlorococcus populations will be monitored by flow cytometry, and the heterotrophs will be monitored by fluorescence in situ hybridization analysis (FISH) with species-specific probes, and by viability counts.  Microarray specificity controls will be performed on the heterotrophs in isolation to verify that their RNA will not hybridize to the MED4 array’s oligo spots.  We do not anticipate this to be a problem, as several reports indicate that such arrays will not detect RNA’s less than 70-80% identical to the 70-mer oligos (Ward, et al. 2002).

Interaction with cyanophage

As mentioned in the background, phage can have far reaching effects on Prochlorococcus populations. We will initially address the cellular response of Prochlorococcus to infection by phage from the Podovirus family under optimal conditions for growth as well as under select sub-optimal conditions outlined above.  We will then address whether infection by a different family of phage (Myoviridae) elicit the same cellular responses from Prochlorococcus. Carbon fixation levels and gene expression (using both whole genome transcriptome and proteome analyses) will be assessed at various time intervals over the 24-48 hour course of the lytic cycle to correlate observed changes with different phases of infection such as adsorption, replication and lysis. We will pay particular attention to four types of genes: those involved in essential cellular functions such as light harvesting and carbon fixation; those that may be induced by the phage such as the genes involved in DNA replication; those that may be involved in Prochlorococcus defense against infection such as restriction-modification systems; and those of the putative prophage. It will be interesting to see whether this putative prophage is involved in conferring resistance to the host when challenged with cyanophage that do not cause host lysis. We will also watch to see if any of the experimental conditions employed induce this putative prophage to a lytic cycle.  

We will further assess the effect of cyanophage on Prochlorococcus diversity and evolution by characterizing the interactions between phage isolates and phage resistant host strains. These resistant strains will be tested for resistance to other phage and the mechanisms of resistance will be evaluated at genome, transcriptome and proteome levels. Resistance through lysogeny will be assessed by Southern analysis for incorporation of the phage into the Prochlorococcus genome. We will challenge these resistant Prochlorococcus strains with phage and assess gene expression, at both the transcriptional and translational levels and compare these to the non-resistant strain in order to gain insights into the mode of resistance. Finally, the cost of phage resistance will be assessed through a comparison of carbon fixation in the wild-type and resistant Prochlorococcus strains.

Whole Genome Microarrays – Approach

As mentioned in the Background section, the Chisholm lab has optimized conditions with a trial miniarray, and is in the process of constructing whole genome microarrays for Prochlorococcus MED4 and MIT9313 with funds from NSF.  The Prochlorococcus arrays are being fabricated at the MIT Bioinformatics and MicroArray Facility, using a MicroGridII robot (BioRobotics) fitted with Microspot 2500 quill pins and guided by the experience of the facility staff in this procedure.  Synthesized oligonucleotides 70 bp in length (Operon, Alameda, CA) will be spotted in triplicate with a 150 µm diameter pin onto Corning CMT-GAP2 slides.  A subset of the slides will be tested for quality by hybridization with Cy3 labeled random 9-mer primers (according to Operon protocols).  Control spots will include mouse and Escherichia coli genes, with no homology to genes in any of our cyanobacterial genomes, and will be used as both negative (no complementary RNA to be added) and positive (in vitro transcribed RNA of known quantities will be added to sample RNA) controls of our labeling and hybridization. 

RNA Isolation, Labeling and Hybridization 

Based on our previous work with the miniarray, we expect to use 20 (g total RNA per hybridization experiment which can be obtained from 100-200 ml of an exponentially growing Prochlorococcus culture. RNA will be isolated according to standard protocols (García-Fernández et al. 1998) and enriched for mRNA by removal of rRNA using a commercially available method (Microbe Express, Ambion, Austin, TX). The RNA will be reverse transcribed to cDNA using Amersham’s CyScribe cDNA post-labeling kit and employing random hexamer primers and amino-allyl-dUTP in the nucleotide mix. Cy3 and Cy5 fluorescent labels will be chemically coupled to the amino-allyl-dUTP. Labeled cDNA from both a reference and experimental sample will be combined and hybridized overnight to a printed array at 42 ºC in a formamide solution. After hybridization, slides will be scanned using an arrayWoRx scanner (Applied Precision, Issaquah, WA) consisting of a white light CCD based scanner available at the MIT microarray facility. 
Data Analysis from Microarrays

The Applied Precision software that runs the arrayWoRx scanner will be used to apply a best-fit correction transformation for background fluorescence and different fluorescence intensity of the Cy3 and Cy5 dyes.  Triplicate spots on each array and experimental replicates will be used to determine the statistical significance of differences in expression to the reference sample. By using the same reference RNA sample for all of the experimental conditions for each strain, expression patterns across all perturbations can be compared.  In order to enable efficient data mining, it will be crucial to organize the data in a form that facilitates intercomparisons of the multiple conditions. We have published the first paper on gene expression databases (ExpressDB, Aach et al. 2000*).  It covered three types of RNA quantitation (Affymetrix, ratio-microarray, and SAGE) for both bacterial and eukaryotic microorganisms.  We can extend this to other microbial species and other functional genomics conditions and and measures (see BIGED database discussion in Aach et al.). We will also assess AMAD (Another MicroArray Database), a freely available (www.microarrays.org) flat file, web driven database system written entirely in PERL and javascript, which provides a means for storage, retrieval, and extraction of microarray data from a centralized web based server. The browser based format will be ideal for managing array data generated both at MIT and by our collaborators elsewhere. We plan to customize our AMAD database so that a multitude of measurable cellular and environmental parameters and experimental details, such as light level, time of day, temperature, growth rate, chlorophyll per cell, media, strain, experimenter, RNA isolation and labeling protocol, and array printing batch are stored for each experiment.  This will facilitate more powerful comparisons between all of the perturbations.  For example, we will be able to call up all the experiments where the growth rate was ¼ (max, regardless of what was limiting growth, and look at genes induced or repressed under these conditions.  

To identify genes that are co-regulated across our experimental conditions we will use a combination of clustering algorithms and motif analysis pioneered by members of this GTL team (e.g. Tavazoie, et al 1999*) as well as cutting edge commercial software packages currently supported by the MIT & HMS array facilities such as  Spotfire (Somerville, MA) and Genomax (Informax, Bethesda, MD).  Combinations of regulatory motifs as means to achieve the modeling optima in goal 4 would be a computational research focus here too (Pilpel et al. 2001*)

Absolute abundances of RNAs have been determined both using Affymetrix arrays and spotted arrays with genomic DNA as a reference sample (ref J. Bact 183:545-556 and Dudley et al, 2002*). We have developed an increased dynamic range 4-orders of magnitude embodied in our  "Masliner" processing software (Dudley et al 2002*).

Expression results for selected genes of interest will be verified by quantitative reverse transcription-PCR.  This technique provides a dynamic range of over five orders of magnitude. Quantitation is achieved by detecting the exponential increase in PCR products by fluorescence detection at each PCR cycle, and comparing at which cycle number the amount of products reaches a threshold value.  To normalize for RNA extraction, we will either use an externally provided RNA standard or the internal RNA standard, the RNase P gene, rnpB, whose expression is invariant over a light/dark cycle. The Chisholm lab has previously used the rnpB standard to determine the gene expression profiles of several genes over the course of a 14:10 L:D  period (Figure 2c, below).  The patterns indicate a clear relationship between gene expression and time in the experimental regime, and future work will address if expression is regulated by the cell cycle and/or circadian clock (see above). 
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Design of unique oligomers 

Our group has pioneered the use of full-genome sequence for the design of unique oligonucleotides for arrays for the Affymetrix 25-mers, Operon 70-mers and PCR-based 200-mers (Wright & Church 2002*; Dudley et al 2002*, Selinger et al. 2001*; Badarinaryana et al 2001*).   We have another unique advantage in the added precision about actual protein start sites via the  proteogenomics software described in goal 1 (Jaffe et al.2002*).  We are collaborating under separate funding with a group in Houston (Linxaio Gao) and one in Boston Univ. (Rostem Irani) on micromirror oligo array synthesizers (Singh-Gasson et a. 1999).  Because these technologies are currently well-suited for the inexpensive synthesis of a limited number of arrays containing a large number of oligos, we will use these for prescreening large numbers of oligonucleotides for hybridization with genomic DNA to empirically pick the best oligos for Affymetrix makes masks.  Evidence that genomic DNA is well correlated with RNA in oligo utility (Selinger  et al. 2000*) supports this strategy. The highest resolution DNA-protein crosslinking (aka "location", see goal 2c) experiments and fine-structure whole-genome mutant selections would merit the precision of the highest density arrays (500,000 oligonucleotide 25-mers). Many experiments such as initial surveys of fine time series would be feasible with as few as 2000 oligos (one per gene), which would be considerably less expensive when done in an array-of-arrays format.  For these very small subsets even stricter criteria for quality of oligo choice is critical since so much rides on single oligos.
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Figure 2d, above, emphasizes the variation in signal with oligos selected by an early algorithm and the utility of using genomic DNA controls for RNA experiments (see Selinger et al. 2000* attached).

Goal 2b: Use informatics to identify potential regulatory motifs upstream of co-regulated genes, as determined from microarray analyses including significant combinations of motifs.  We have done this for about 20 microbial species (Mcguire & Church 2000; Mcguire et al. 2000; Hughes et al. 2000; Pilpel et al. 2001; Zhu, et al. 2002).  We will look for correlations with operon structure and conservation of location in microbial chromsomes (Cohen et al. 2001*) especially in light of possible insights available from goal 4e (4D-cell model).  The major challenge for the small genomes is paucity of examples of a given motif.  This can partially rectified through the use of comparative DNA (motifs from multiple related genomes) and the location data (see below).  Once the associations among most of the key proteins and motifs is established (including possible competition and cooperations), then various surrogate measures can be used to measure the occupancy of each site for example methylation protection (Tavazoie and Church 1998*)

Goal 2c: We will correlate and test the above hypotheses with (i) selection data on mutations in each gene and genetic domains in Goal 3d, (ii) the protein data in Goal 1,  (iii) location data  and (iv) mass spectrometry of protein complexes selected by solid-phase versions of the motifs.  One might naively expect some correlation among each of these four sets.  However, it is the inevitable rich set of exceptions and combinations that makes for increasingly accurate biosystems models.  

Location data refers to the antibody selection of DNA-protein complexes crosslinked in vivo by formaldehyde (or other agents, see goal 1c).  For the location data we will use the same protocols that we have applied to Caulobacter (Laub et al. 2002*, see attached) on the other genera.  The antibodies will be raised against the most abundant putative DNA binding proteins based on goal 1a.  One obviously valuable data set will be based on antibody to the RNA polymerase.  This will determine the location of paused and elongating molecules during each of the time-series.  This will be done with and without initiation inhibitors as we have done in E. coli to establish elongation sites and decay rates.  In addition to helping to dissect the chain of events leading to regulated level of various RNAs, these data provide anchoring points for potential associations of the nascent protein chains in the goal 4e models.  

The solid-phase double-stranded DNA selections for proteins or protein complexes present in cell extracts will be based on a liberal set of motifs derived in goal 2b.  The methods will be analogous to those in Bulyk et al. 2001*, but will depend more heavily on the ability of many such selections to act as controls for one another.  Some proteins or complexes will have a high non-specific binding and will turn up in all of the many of the selections.  We will determine the reproducibility of the assays as a function of other proteins in the extracts and will calibrate the quantitation using ds-DNA and protein complexes which we previously characterized (.e.g. transcription factor EGR1).
"Goal 3 -- Characterize the Functional Repertoire of Complex Microbial Communities in their Natural Environments at the Molecular Level."

Goal 3 a and b: Background and Progress to date
Understanding the nature of diversity and of functional units in microbial communities is one of the major challenges in microbiology, ecology and evolutionary theory.  Although ribosomal RNA approaches have provided first steps towards diversity estimation, and are widely used as a proxy for unique bacterial ‘types’ in natural populations, it remains unknown at what level of genetic resolution an ecologically functional unit must be defined.  Furthermore, although genomic studies on cultivated bacteria have resulted in important and unexpected insights into the processes and patterns of genome evolution, it remains unclear how these insights may be extended to populations that co-occur in natural environments.  Many crucial questions, such as at what level of structural similarity genome evolution is driven by homogenizing versus differentiating mechanisms, can only be answered by analysis of co-occurring genomes at different level of phylogenetic relationships.

Goal 3a

We will use the cyanobacterium Prochlorococcus as our central model to explore in detail the genomic variation that occupies a single dominant and well-defined niche in the ocean.   This will be accomplished by flow sorting the Prochlorococcus cells away from the rest of the microbial community, constructing a BAC library, and, depending of the diversity encountered, either assembling the complete genomes or large contigs to determine the structure of co-existing genomes.  Should assembly of large genome portions not be possible, we will provide anchors for the bioinformatic/evolutionary analysis by identification homologous genes/genome regions in the BAC libraries (see below).  We will also measure the diversity of co-existing Prochlorococcus in the four samples by rarefaction of a number of different gene markers and by application of in situ amplification techniques.

Furthermore, we will estimate the overall diversity and nature of phylogenetic and functional variation in genomes of uncultured bacterioplankton co-existing with Prochlorococcus.  This is to delineate the diversity of the total bacterial community – a task that has remained elusive yet is crucial for effective implementation of environmental genomics.  We have recently discovered through elimination of a major artifact that bacterial diversity in the coastal ocean has likely been overestimated by at least an order of magnitude.  We seek to extend this approach to the open ocean systems, and complement diversity estimation by capturing and assembling large genome fragments of important members of the bacterial community.  This will provide estimates of the extent and nature of genome variation on a community level.  We will also assess to what extent function is conserved in bacterial communities under different environmental regimes by development of ‘functional genotype multiplexing’ through an extension of ‘in situ amplification’ protocols developed by the Church lab.  These will allow the simultaneous identification of phylogenetic identity and presence of functionally relevant genes in the genomes of uncultured prokaryotes.

For both tasks under goal 3a, we will use bioinformatics and evolutionary analysis to assess the nature of the diversification process.  That is:  (1) Survey genes representing different functional categories (informational, central metabolic, photosynthetic, catabolic, etc.) for their prevalence and sequence diversity; (2)  Distinguish purifying selection (maintenance of function) from function change (or loss) by comparisons of DNA versus protein divergence (synonymous vs. nonsynonymous sequence changes); and (3)  Look for evidence of recombination and gene transfer through congruency of phylogenetic trees of genes, unusual codon usage, and local gene order; and (4) identify potential prophage inserted within the Prochlorococcus genomes to characterize the relationships between Prochlorococcus and prophage diversity.

Goal 3b

We will explore the functional connection between the dominant autotroph Prochlorococcus and co-existing heterotrophic bacteria.  Our goal here is to determine the extent of specific cell-to-cell interaction in the well-mixed oceanic environments.  We will determine whether specific carbon compounds known to be excreted by Prochlorococcus are taken up by specific heterotrophic bacterial populations indicating selection for species networks or whether carbon transfer is guided by chance encounters of individual cells.   We will combine DNA microarray and radiotracer techniques in a novel application, the ‘functional diversity array’, which will allow us to identify and link carbon sources and sinks within the microbial community.  The FDA will be complemented by a new technique, which we term here ‘single cell activity multiplexing.  It combines in situ amplification from single cells in acrylamide matrix with quantification of uptake of radiotracers.

Field Dynamics  

The seasonal dynamics of Prochlorococcus populations have been well documented in the N. Atlantic and Pacific (from the USJGOFS HOT and BATS Time series stations), and in the Gulf of Aqaba in the Red Sea. (Campbell and Vaulot 1993; Lindell and Post 1995; Olsen 1990b) ( the three sites we have chosen for constructing the BAC libraries.    These data-sets have information on the total Prochlorococcus  “meta-population” ( i.e. all of the cells that are identified as Prochlorococcus based on their light scatter and fluorescence signature using flow cytometry.  This includes all of the ecotypic diversity at a particular site, and thus describes the outer bounds of the collective niche of this group.  

The dynamics of the meta-population are distinctly different at the three sites, thus providing us with different selection regimes for our field studies.   At the HOT site in the Pacific there is very little seasonal change;  the surface mixed layer never extends below the euphotic zone, thus nitrogen remains undetectable in the surface mixed layer throughout the year (Campbell and Vaulot 1993) (Campbell et al. 1997).   Prochlorococcus are fairly uniformly distributed above and below the mixed layer year-round at this site.   At the BATS site in the Atlantic, the water column is stratified in summer, with a 20m mixed layer, but mixes down to about 200 meters during the winter.   Prochlorococcus abundance is low in the mixed layer in summer, and very high in the static sub-surface chlorophyll maximum layer at the base of the euphotic zone.   In winter it is uniformly distributed throughout the mixed layer, in moderate abundances (Olson et al. 1990; Vaulot et al. 1990).  In the Gulf of Aqaba of the Red Sea, the scenario is the most extreme.   Here the deep waters are never cold enough to sustain strong stratification, thus in winter the water column mixes down to at least 600m and the Prochlorococcus population is undetectable.   As deep mixing subsides in April, the population re-emerges and by July there is a huge sub-surface maximum at about 100 meters, with cell densities as high as 106 cells ml-1.  This is accompanied by smaller population in the shallow surface mixed layer (Lindell and Post 1995).   

Thus these three sites provide us with very different selective regimes for the Prochlorococcus meta-population.  One extreme is the situation in the Red Sea where a very large population is built up from an extremely small founder population after winter mixing.  This population is established below the mixed layer, where low light conditions are relatively stable, and persists until the onset of deep winter mixing.  The other extreme is the surface mixed layer at the HOT site, which does not undergo much seasonal perturbation, but experiences short term light fluctuations in the mixed layer throughout the year.   In the middle is the BATS site, where moderate seasonal forcing exists.  With this in mind, we will strategically select depths and seasons for sampling among these three sites for the construction of our BAC libraries.

Ecotypic Diversity in Prochlorococcus
The Chisholm Lab has isolated 55 strains of Prochlorococcus  into culture from diverse oceans.  Phylogenies constructed using rDNA sequences from a subset of the collection reveal clades that cluster into ecotypes (Fig. 3C, below) according to their optimum and minimum light intensity for growth, and the range of their chl b/a ratios (Fig 3A, 3b).  (Moore and Chisholm 1999; Moore et al. 1995; Moore et al. 1998; Rocap et al. 1999; Urbach and Chisholm 1998).  The ecotypes differ at the 16S rDNA locus by about 2% (Fig. 3C) and the rDNA sequence variability among our cultured isolates can be directly related to that observed in the field (Moore et al. 1998; Rocap et al. 1999; Urbach and Chisholm 1998).   More refined analysis of phylogenetic relationships among isolates based on the 23S and ITS regions of the rDNA locus support the distinction between the two types.   High-light (HL) adapted isolates are closely related and cluster together in a shallow clade, while the low light (LL) adapted isolates are more divergent (Rocap et al. 2002).  Ecotypes have also been shown to be distinct in terms of their optical properties, and the structure/composition of their photosynthetic apparatus (Lichtlè et al. 1995; Morel et al. 1993; Partensky et al. 1993; Partensky et al. 1997) as well as in their Cu tolerance (Mann et al. 2002) and Co requirement (Saito et al. 2002). 

We have also shown that the HL ecotypes can only use ammonia as a nitrogen source, while the LL ecotypes can utilize both ammonia and nitrite (Moore et al. 2002).   In contrast to their close relative Synechococcus, none of the Prochlorococcus isolates can use nitrate.   These physiological observations were confirmed by  whole genome analyses:  The HL strain MED4 lacks the genetic machinery to reduce nitrate or nitrite, whereas the LL strains do contain the genes for nitrite reduction (see below).   Thus we can begin to connect genome diversity with niche diversity: The ecotypes that thrive at high light (i.e. surface waters) have lost the machinery to use oxidized forms of nitrogen, which is consistent with the predominance of regenerated ammonium in surface waters.  In contrast, those that thrive in low light have retained the ability to use nitrite, which is usually relatively abundant at the base of the euphotic zone.    Depth distributions of ecotypes in the field are consistent with the HL and LL designation (Ferris and Palenik 1998; Urbach and Chisholm 1998; West and Scanlan 1999).
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There is no relationship between the phylogenetic affinities of the different cultured ecotypes (Fig. 1C) and their ocean of origin (Rocap et al. 1999; Urbach and Chisholm 1998).  This is consistent with the observation that a 2% 16S rDNA sequence difference between the ecotypes translates into separate evolutionary history of, very roughly, 100 million years (Moran et al. 1993; Ochman and Wilson 1987), whereas the mean global circulation time of the oceans is on the order of thousands of years (Broecker 1991).  That is, microbial distribution in the oceans is determined by ecology, not by geography, per se.

Thus we hypothesize that multiple ecotypes of Prochlorococcus co-exist in all oceanic environments, alternating in dominance along spatial and temporal gradients.  These ecotypes are descendants of a common ancestor yet have been shaped by evolutionary mechanisms that lead to diversification.  Much of this diversification is gradual along clonal lineages, as evidenced by the rRNAs; however, major change can be introduced by gene loss and rearrangement, or lateral gene transfers as evidenced by comparison of two Prochlorococcus genomes (see below).  Ultimately, ecotypes arise that are genomic hybrids, consisting of families of genes whose co-occurrence has been selected for based on the probability of co-occurrence of particular environmental conditions in the oceans.    One of the goals of this proposal is to begin to understand the full extent of this diversity – from gradual changes to major genome differences - and, ultimately, its relationship to the dynamics of the environment. 

Comparative Genomics of two Prochlorococcus Ecotypes

The DOE’s Joint Genome Institute has sequenced the genomes of Prochlorococcus MED4 and MIT9313.  MED4 belongs to the more recently evolved HL clade of Prochlorococcus, while MIT9313 belongs to the LL clade  (Fig. 3a). Over the course of this differentiation there has been a dramatic reduction in genome size (Table 1).  MED4 has the smallest genome for any known oxygenic phototroph, with 1.7 Mbp and approximately 1700 potential genes (Table 1).   A comparison of the genomes of these two ecotypes reveals a common core of ca. 1300 genes, and a large group of genes, conserved in both genomes, are of unknown function. In addition, each genome contains a significant number (200-600) of genes that are (currently) unique (Table 3a) ( the majority of which (about 60%) are of unknown function. Alignment of the two genomes demonstrates that they are mosaics of blocks of genes with significant rearrangement (Fig. 3b), and closer inspection reveals that even between conserved blocks, insertion/deletion events have led to further differentiation (see below). 

Concurrent with the reduction in genome size in MED4 is a dramatic reduction in %GC content, leading to different codon and amino acid usage patterns compared to MIT9313, and a reduced number of genes encoding regulatory proteins (Table 1).  For example the MED4 genome contains 4 histidine kinase motifs (Tolonen unpubl. data) in comparison to the 43 (Suzuki et al. 2000) found in Synechocystis PCC6803, a related fresh water species.  In fact, of all the genome sequences available on the Integrated Genetics Website, MED4 has the fewest histidine kinase motifs, implying that it has very few regulatory circuits and  networks.  Superficially, this might suggest that energy is not limiting in the high light environment, so that a small core of constitutively expressed biosynthetic pathways is emphasized over a broader set of regulated assimilatory pathways.
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Ecotypic Differences at Selected Loci.

The comparative study of laboratory isolates of Prochlorococcus with regard to detailed features at selected loci (selected either for their universal function of their ecological relevance for this particular organism) has begun to yield some insights into the genetic basis of ecotypic diversity.  We do not have room to review all that has been unveiled thus far, but comparisons of the photosynthetic apparati of the two ecotypes can be found in two of our recently published review articles (see (Hess et al. 2001; Ting et al. 2002)), one of which can be viewed at http://web.mit.edu/chisholm/www/prog.pdf. 

One particular comparison is compelling with regard to the importance of deletion events in the evolution of ecotypes.  As mentioned above, Prochlorococcus is unusual in that it cannot utilize nitrate as a nitrogen source (Moore et al. 2002), and only the LL ecotypes can utilize nitrite.  The HL ecotypes are limited to ammonium and urea as their nitrogen sources, which is consistent with their predominance in surface waters where these regenerated forms of N dominate.   Prochlorococcus’ close relative Synechococcus, however, can utilize all three forms of N.  

 Comparative genomics has revealed that this makes sense when you consider the evolutionary origins of these three ecotypes as well as the ecological niches they now occupy (Fig. 3c).  
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Serial deletions of segments of the N-metabolism regulon, have resulted in the sequential loss of the nitrate and then the nitrite reductase genes as the LL Prochlorococcus ecotypes evolved from Synechococcus, and the HL ecotype evolved from its LL relative (Post et al, unpubl.).   The net result is that the HL ecotype dominates high-light surface waters where ammonium is the dominant N source and the LL ecotype dominates deeper waters where light is scarce but nitrite is often abundant.  Their close relative and Synechococcus has a very broad niche with respect to N utilization, and thus is capable of bloom formation when NO3( upwells from the deep water.   Synechococcus  cannot, however, grow at the very low light intensities at which LL Prochlorococcus thrives.   Thus these deletion events have played an important role in niche diversification among these ecotypes.  It is likely that as we begin to compare other genes that differ among the ecotypes we will gain clues as to other environmental “drivers” for this diversification.  Indeed, similar deletion events can be seen in the photosynthetic apparatus of (Hess et al. 2001).

Prochlorococcus cyanophage

Almost every Prochlorococcus isolate in our collection has shown susceptibility to lysis by naturally-occurring cyanophage (Sullivan, unpubl).  Several phage have been cloned, and their host ranges have been found to vary considerably.  Some phage are capable of infecting only a single host while others infect multiple hosts even spanning both ecotypes of Prochlorococcus and in some cases a second genus of marine cyanobacteria, Synechococcus.

In addition to lytic phage, prophage have recently been shown to exist in natural marine Synechococcus communities (McDaniel et al., 2002; Ortmann, Lawrence, and Suttle, 2002).  Using bioinformatic approaches to detect possible prophage in our Prochlorococcus genomes (Brussow and Desiere, 2001; Clark et al., 2001; Morgan et al., 2002), we have detected possible prophage present within the MED4 (~35 kb+ in size) and MIT9313 (~ 20+ kb in size) genomes (Sullivan, unpub).  A key objective for future work will be to determine if these represent functional phage capable of being induced to a lytic stage, or are remnants of inactive phage.  As we search for novel means of creating a working genetic system, the benefit of a functional prophage might prove invaluable for future genetic manipulation in Prochlorococcus.

IMPORTANT NOTE:

Polz and Chisholm recently submitted a NSF Biocomplexity proposal (along with Hiroaki Shizuya and Gary Olsen) to do the BAC Library and fingerprinting work described herein for Prochlorococcus at the three study sites.   That proposal did not include analysis of the rest of the microbial community ( or the connectivity between it and Prochlorococcus ( that we are proposing here.   If the NSF proposal is funded, it would support the construction of a minimum of four BAC libraries from flow-sorted Prochlorococcus cells obtained from the Bermuda Atlantic Time Series Station (BATS), and the Hawaii Ocean Time Series Station (HOT) and the Gulf of Aqaba in the Red Sea.  One of these libraries would be fingerprinted to determine contigs of the co-existing environmental populations, while the others would serve as reference libraries.  The NSF grant only includes funds for sequencing of selected genes of environmental relevance but not of whole genomes.  Thus, we propose full sequencing of the fingerprinted library by the JGI under the auspices of this grant (see estimate for coverage and cost estimate).  Should the NSF Biocomplexity not be funded, we would ask the JGI to carry out both BAC library construction and sequencing of the environmental Prochlorococcus BAC library.

Measurement of Genomic Diversity of Natural Communities

Diversity is a central ecosystem parameter as a measure of co-existing, interacting and co-evolving genomes.  Although we have, in principle, learnt how to measure bacterial community diversity via measurement of ribosomal RNA diversity, reliable estimates are still limited to simple environments.  In fact, a recent review showed that no complex marine environment has been sampled sufficiently and so bacterial diversity remains an open question (Kemp 2001).  Molecular diversity studies typically circumvent culture of organisms by directly collecting cells from the environment, extracting mixed DNA, and PCR amplification and cloning of variants of specific homologous genes (Head et al  1998). Ribosomal RNA (rRNA) genes are particularly useful because they allow universal phylogenetic differentiation of organisms, and the rRNAs themselves provide excellent targets for identification/quantification of populations via in situ or slot blot hybridization (Amann et al  1995). Furthermore, because in many bacteria, rRNA content is positively correlated to growth rate quantification of specific rRNA in natural samples can give information about the relative activity of populations (Kemp et al  1993; Poulsen et al  1993). However, we have recently discovered that although this lack of diversity estimates is in part rooted in technical difficulties, more importantly, methodological problems may lead to an explosive accumulation of sequence artifacts (Thompson et al. 2002).  The discovery of this methodological problem has recently enabled us to estimate the total ribotype diversity in a coastal bacterioplankton community (see preliminary results).

This lack of data on ribotype diversity is compounded by an absence of information on genomic variation that may lead to functional variation within ribotypes (genomes with identical rRNA sequences) that co-occur in the environment.  Thus, the functional unit represented by diversity measurements can currently not be ascertained.  Only a single study  (Béja et al 2002) analyzed an environmental BAC library constructed from a sample of coastal bacterioplankton.  They detected two archaeal clones belonging to a single ribotype and several clones with closely related ribotypes.  Analysis of genes that flank the rRNA operon revealed that homologous genes were present but that there was sequence variation in all clones.  However, in the clones with identical ribotype the variation was limited to synonymous substitutions indicating functional equivalence (Béja et al 2002).  While this suggests that there is indeed genomic variation within ribotypes, more extensive studies are obviously needed to improve our understanding of overall genome variation, especially as it relates to ribotype variation and the relationship of ribotype diversity to ecotype.  In addition, sequence variation contains valuable information about the mechanisms and history of the forces that structure environmental populations and genomes. 

Mechanisms of diversification and selection

In an ecological context, microbial diversity will ultimately be determined by the rates and mechanisms that generate genetic change and the degree to which such changes are removed through selection and drift.  In the extreme, diversity could be manifest as a virtually immeasurable continuum of sequence and genome variants.  Alternatively, and more likely, biotic and physical factors in the environment may regularly purge variation from natural communities, leading to discontinuous and limited genomic variation.  Several mechanisms that may introduce change into bacterial genomes have been inferred from experimental studies and comparative sequencing.  These include clonal diversification (accumulation of point mutations that are passed vertically along lineages), gene loss, intragenomic rearrangements, and horizontal mechanisms like recombination and lateral gene transfer. Additionally, insertion sequence (IS) elements, transposons and phages may play an important role in diversification of genomes.  Of these, clonal diversification and recombination will introduce change into existing genes without altering overall genome structure while all other mechanisms will change gene order or content.

Though point mutation is the ultimate source of sequence change, other mechanisms acting in concert may considerably modify its effects. Aside from the generation of evolutionary novelty, clonal divergence may eventually lead to isolation of populations from recombination, a consequence that may be of equal or greater importance (Vulic et al  1997). Recombination rates have been shown to decrease exponentially with sequence divergence in Bacillus, Streptococcus and Escherichia (Majewski et al  2000; Roberts & Cohan 1993; Vulic et al 1997).  For example, in a study comparing nucleotide divergence in the rpoB gene to transformation frequency in Streptococcus, transformation became increasingly rare as gene sequences diverged and was no longer detectable at 27% difference. Such genetic isolation, reinforced and modified by ecological factors, such as geographic isolation, population effects and selection, may ultimately lead to the accumulation of functional differences.  Thus, the degree to which sequence diversity is continuous or discontinuous within and among clonal populations may have considerable ecological significance.

While once considered to lead primarily to homogenization on the population level, recombination can enhance genetic diversity when it occurs between clones in a structured population (Guttman & Dykhuizen 1994). In the classical sense, recombination allows the co-existence of polymorphism and so expands the potential niche of a species.  However, due to its dependence on genetic similarity, it is difficult to predict recombination rates between populations in the absence of sequence information for co-occurring populations.  Rate estimates have been obtained for E. coli isolates from the ECOR collection, suggesting that sequence divergence due to recombination is 50-fold higher than that due to mutation (Guttman & Dykhuizen 1994).  In the extreme case of H. pylori, which occupies a niche in absence of competitors, appears to be panmictic (Israel et al  2001).  Explicit tests for estimating recombination are now available but to date these have only been done for pure-cultured isolates. One of our explicit goals is to apply such tests to genomes in naturally occurring communities.

Lateral gene transfer has also undoubtedly played an important role in bacterial evolution (Lawrence & Ochman 2002; Ochman 2001).  Well known examples include the pathogenicity islands in several bacteria which can be traced to phylogenetically distinct groups (Salama & Falkow 1999).  The rates of transfer in the environment are unknown, but may be enhanced if the genomes contain regions that are predisposed to accept foreign genes.  For example, recently described transposons harbor integrons that target specific sites in the genome that can integrate and express open reading frames (Rowe-Magnus & Mazel 1999).  They appear to be widespread, can be present in multiple copies in genomes, and have been found associated with resistance genes. However, although integron mediated lateral gene transfer may be one of the major factors that introduce variation into bacterial genomes, at the current state of environmental genomics, its effect may be difficult to estimate as it acts in narrowly circumscribed islands within the genome.

Genome rearrangements and gene loss may also have significant effect on structuring genomes, however the importance of these processes in the environment is unknown at present.  It is likely that most such events are detrimental in genomes that have long co-evolved with their environment and so may rarely be detected among closely related bacteria in natural environments. Nonetheless such events may be more favored under conditions of rapid environmental change, such as transfer to a culture medium, and so may be more frequently represented in existing databases (which are dominated by cultivated organisms) than in naturally occurring genomes.  For example, even genome disruption by IS elements may be relatively rare in environmental populations as suggested by a recent comparison of Yersinia pestis strains which showed identical IS element numbers and locations in all strains of the biovar responsible for the plague pandemic in modern times even though these IS elements integrate at random locations into the genome (Motin et al  2002).  Ultimately, however, the impact on naturally occurring genomes by gene rearrangements, gene loss, IS elements and more targeted insertions such as integrons will likely have to await environmental genomics approaches capable of examining large numbers of whole genomes or large contiguous genome fragments. We believe that the approach proposed here, will allow exploration of several significant features of genome diversity and inference of mechanisms of genome evolution under different environmental regimes. 

Diversity and Culturability of Bacterioplankton

As outlined above, the majority of bacteria in the environment have remained uncultured.  This also applies for bacterioplankton species. This has largely been determined by comparison of results from isolation attempts, direct counts of cells, and, during the last decade, molecular approaches (Giovannoni & Rappé 2000).  For marine bacterioplankton communities, culture-independent approaches have lead to several important generalizations (Giovannoni & Rappé 2000). First and foremost, it is believed that culture approaches, which isolated of bacteria on media with high substrate concentration, have lead to isolates that poorly represent the dominant rDNA sequences recovered. Thus, it has become customary to classify marine bacteria into culturable and unculturable (Giovannoni & Rappé 2000). Only alpha-Proteobacteria of the Roseobacter clade, Cytophaga/Flavobacerium representatives and cyanobacteria generally are both recovered at high frequency in culture collections and in clone libraries. Other common isolates, particularly some gamma-Proteobacteria genera (e.g., Vibrio) grow on marine agars but occur infrequently in clone libraries. Among the groups that have evaded cultivation to date are the SAR11, SAR116 and SAR86 clusters and the Actinobacteria. These are frequently dominant in clone libraries and appear to be cosmopolitan judging from their occurrence in clone libraries from a variety of habitats.

Despite great progress in understanding of bacterioplankton diversity, major questions remain. First, we still do not have good estimates of total diversity in bacterioplankton communities. Second, dynamics of plankton communities using clone libraries has only been addressed infrequently. Both are problems of insufficient sampling of clone libraries (Kemp 2001); however, this can now be addressed by using equipment increasingly available through genome centers. Third, the ecological role of the uncultured bacterial phylotypes is unknown; however, as detailed below exciting new approaches will allow significant progress.

New Approaches to determine structure-function relationships

An exciting recent extension of molecular approaches is the simultaneous determination of structure (phylogeny) and function (metabolism) of microbial populations. Environmental samples are amended with isotopically heavy substrate, which is metabolized by the community. In one set of methods, active populations are identified by incorporation of 13C from the added substrate into biomass and subsequent detection of population specific tracer molecules such as DNA (Radajewski et al  2000) or polar lipid derived fatty acids (Boschker et al  1998). A second method combines in situ hybridization by phylogenetic oligonucleotide probes together with 14C based autoradiography, allowing simultaneous determination of activity and identity (Cottrell & Kirchman 2000; Ouverney & Fuhrman 1999).

We are currently developing a conceptually similar but more broadly applicable approach, the Functional Diversity Microarray (FDA). This combines isotopic labeling of active populations with measurement of population diversity using DNA microarrays. 

Overview Goals 3 and b

We propose to analyze the microbial community from three oceanic environments with disturbance regimes that vary over different time-scales (daily, months, seasonal).  We will focus on Prochlorococcus, which is the dominant primary producer in these environments, and its functional connection to the bacterial community.  We will explore the nature of genomic variation and modes of diversification within the single environmental niche occupied by Prochlorococcus.  We will further determine the extent and nature of variation of bacterial ribotypes co-existing with Prochlorococcus under the different environmental regimes.  Finally, we will explore connectivity between Prochlorococcus and heterotrophic bacterial populations by determining the patterns of carbon transfer between this dominant primary producer and co-existing heterotrophs.

We have chosen the specific environmental sites below to maximize differences in selective regimes both with regard to seasonal disturbance, and short-term mixing dynamics (see background section):

(1)  HOT – Summer surface mixed layer:   A population which has  been isolated in the mixed layer for most of the year, experiencing fluctuating  high light/low nutrient environment (minimum disturbance with short term fluctuations)

(2)  HOT – Summer, below the mixed layer:  A population that has been isolated from the mixed layer for most of the year and experiencing relatively constant low light/low nutrient environment (minimum disturbance – long-term stability)

(3)  BATS – Summer deep chlorophyll maximum layer:  A population that has been isolated from the mixed layer for several months and experiences a relatively constant low light environment, and relatively higher nutrients (Intermediate disturbance – short term stability).  

(4)  Red Sea – Summer deep chlorophyll maximum layer:  A population experiences relatively constant low light and exists only June – Sept, before it is essentially eliminated by deep winter mixing (maximum disturbance – short term stability)

One of these libraries ( to be determined from the analysis of gene diversity described below ( will serve as our ‘reference library’ and will be assembled into contigs by fingerprinting (see note on matching funds from NSF). This library will also be targeted for potential full sequencing under the auspices of this proposal Many of the questions posed will be addressed using this reference library, and this will represent phase I of our work.   In phase II, we will move into the comparative stage where we compare loci and genes in the other BAC libraries. 

Specific Questions

What type and extent of genomic variation exists in co-occurring Prochlorococcus populations?

We will determine what common genomic backbone and superimposed variation exists in the genomes of co-occurring Prochlorococcus.  We will initially approach this by fingerprinting the entire BAC library from the environmental location we have found to display highest number of sequence variants in the diversity screening.  Depending on the genomic variation encountered in the sample, the fingerprinting will provide us either with completely assembled genomes or with large contiguous portions of the genomes (at a minimum the average

Size of a BAC clone).  We will completely sequence large regions of the genomes (or contigs) anchored by informational genes and pathways identified largely from the two sequenced ecotypes.  This will provide us with a rich comparative dataset and will form the foundation for comparative analysis of the BAC libraries from the different environments.

What are the major modes of diversification of these Prochlorococcus populations?

We will analyze the gene sequences and genome architecture we encounter in the completely fingerprinted and in the partially characterized BAC libraries for quantitative and qualitative information on mechanisms that drive the evolution of these genomes.  We will identify contigs containing rRNA operons and target these for complete sequencing.  We will group the contigs by rRNA similarity and analyze the sequences for quantitative evidence of importance of (point) mutation vs. recombination and qualitative evidence for differences in overall architecture.  The first will be done by identification of at least 6 orthologous genes that are 10s of kbp apart on the contigs and comparison of their DNA and protein sequence divergence and congruence of phylogeny.  The second will be approached by contrasting the contigs for differences in gene arrangement, duplication, gain and loss.  Beyond presence and absence of genes (or, more generally, genome regions), relative divergence of genes, synonymous vs. nonsynonymous changes, strength of codon bias, and unusual ("alien") codon usage will also be examined.  We will strive to include genes with demonstrated differences in expression level and those with markedly different numbers of interactions within the cell. 

What is the genomic diversity in key genes and pathways that are under different selection regimes?

We will determine to what extent the differences in environmental disturbance regimes transcend to diversity on the genome level.  An important question is whether the two extremes, high stability (HOT) and population crashes (Red Sea) lead to reduced diversity as opposed to the intermediate disturbance regime (BATS).  We will address this by comparing evidence of overall diversity in the marker genes obtained by PCR and in specific genes and pathways from the BAC libraries.  Initially, we will concentrate on genes that have already been shown to be important in determining ecological success of Prochlorococcus (see Background) but important additional genes are likely to be identified through the ongoing development of Prochlorococcus DNA microarrays in the Chisholm lab.  We will identify BAC clones carrying target genes by hybridization with gene probes constructed by PCR and determine sequence diversity.  The comparison of genes under strong (e.g., transporters, light-harvesting apparatus, N and P uptake) and weak (e.g., informational, central metabolism and housekeeping genes) environmental selection will help identify key differences.

How closely do cultured Prochlorococcus isolates resemble environmental genomes, and what types are most readily isolated from the environment?

Prochlorococcus is one of the few ecologically dominant microbes for which an extensive culture collection exists.  Thus, we will determine in an exemplary fashion how well the diversity among the cultured strains represents the environmental diversity. This will be accomplished by comparing sequence diversity in some of the same key loci used for the above two questions.  In cases where genes can be associated with specific isolates, or at least linked with a common organism through the BAC assemblies, phylogenetic trees will be constructed and compared for consistency among genes.

How many bacterial ribotypes co-exist under the different environmental selection regimes and what is the nature of their genomic variation?

We will compare sequence diversity in 16S and 23S rDNA clone libraries obtained from the three different environmental selection regimes.  These genes are the standard in diversity work and estimates of their total diversity and overlap in distribution is needed as a first step for future environmental genomics applications.  We have recently shown that rarefaction of such libraries is possible by a combination of high-throughput technology, new statistical methods, and by modification of existing PCR amplification schemes that avoid generation of artifactual sequence diversity (see background).  Furthermore, we will adapt the ‘in situ amplification and sequencing’ technology developed by the Church lab for rapid determination of overall ribotype diversity in the environment.

What is the relationship between structure (phylogeny) and function in the bacterial communities from the different environmental regimes?

We will expand this question from the detailed exploration of diversity within the Prochlorococcus populations to the co-existing uncultured bacterial community by two new approaches.  First, we will use our newly developed ‘capture and walk’ technique that allows us to use oligonucleotide probes specific for a ribotype to pull large genome fragments (up to 20 kb) from the environment.  These can be cloned and sequenced, and probes complementary to their ends can be designed for capture of contiguous fragments.  Thus, clone libraries that are samples of the co-existing diversity within identical and similar ribotypes can be assembled and the diversity of associated genes explored.  Second, we will adapt the ‘in situ amplification’ technology to a functional multiplexing in which co-localization of specific structural and phylogenetic marker genes can be identified in a high throughput manner.  We will concentrate on uncultured bacterial ribotypes found to be either numerically dominant or to be an important link in carbon transfer from Prochlorococcus to the bacterial community (see below).

What are the patterns of functional connections between the dominating autotroph Prochlorococcus and the heterotrophic bacterial community?

We will explore to what extent carbon compounds excreted by Prochlorococcus structure the heterotrophic bacterial community by application of our ‘functional diversity array’ (FDA).  This allows simultaneous identification of microbial ribotypes and determination of growth on specific carbon substrates. The rRNA clone libraries from the different environments will be used as templates for construction of ribotype specific oligonucleotide probe arrays.  These arrays will be hybridized against total rRNA from samples incubated with 14C-labeled carbon substrates, which were collected from Prochlorococcus or identified as important exudates.  Populations, which actively metabolize these substrates can be identified by the radiolabel accumulated in their rRNA allowing qualitative assessment whether carbon transfer routes are dictated by chance encounters between heterotrophic and autotrophic populations or whether specific associations may have (co)-evolved over time.

What are the relationships between Prochlorococcus and prophage diversity?

We will use bioinformatics approaches to identify candidate prophage in the BAC library clones of Prochlorococcus.  Through the work of other laboratories (Rowher, pers. comm.), signature genes are beginning to emerge that allow for the phylogenetic analysis of phage types based upon the sequence analysis of one or a few conserved genes just as has been done for microbial biota using 16S ribosomal DNA.  Building upon this work, we have the opportunity to compare the phylogeny of the host and prophage detected within different Prochlorococcus clones to determine the relative importance of vertical or horizontal transmission of phage within the Prochlorococcus community.

What are the relative abundances of Prochlorococcus prophage in natural communities?

Estimating the abundance of prophage in a natural community has traditionally been difficult due to the dependence upon culture-based techniques selecting at two levels (the culturability of the host and the culturability of the phage) and due to the unknown selection of an appropriate inducing agent to target “all prophage.”  Through statistical analysis of our BAC clone libraries, we will have the unique opportunity to be able to approximate the abundance of prophage within the Prochlorococcus community using culture-independent techniques.

Do prophage confer host cell fitness advantages and drive niche diversification of Prochlorococcus?

We know from other phage-host systems that prophage often encode virulence factors and / or novel genes that allow significant fitness advantages of a lysogenic (prophage-containing) cell over non-prophage containing cells.  Detailed characterization of prophage from our BAC libraries will allow for the identification of genes encoding such factors that might drive the physiological diversification of Prochlorococcus ecotypes in oceanic systems.

Progress to Date

Diversity of 23S rDNA in the Plum Island Sound.  

We have constructed and screened a large-clone library from a coastal environment by the methods outlined in the experimental approach.  Using our recently developed protocol to reduce PCR-generated sequence artifacts (see above), we have found surprisingly low ribotype diversity in this environment.  Although the screening is still in progress, we currently estimate about 277 ribotypes to be present in the library (Fig. 1).  This allows us to put a first lower boundary on total gene content for this community.  Genome size of free-living bacteria ranges from 0.98 to 9.4 Mbp.  Taking E. coli as our model with 4.6 Mb and roughly 4,400 genes we can estimate a minimum total environmental genome of 277 x 4.6 = 1,274 Mb and 277 x 4,400 = 1,218,800 genes (some of so close as to be allelic, others distant homologs, or non-homologs).  In comparison, the human genome, which has been sequenced, is 3,000 Mbp but is thought to have 30,000 or more genes.  This suggests that environmental communities may be accessible by genomics.  However, a critical but unexplored variable in this calculation is the degree of within-ribotype diversity of co-existing bacteria.  It will be essential to estimate within-ribotype diversity to arrive at reasonable estimates of total diversity.  
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Capture of large genome fragments from the environment.  

We have developed a protocol that will be used to capture large (>20 Kb) genome fragments from environmental DNA.  The protocol was first optimized using Vibrio cholerae DNA that was completely digested with SmaI resulting in a fragment of 6.1 kbp containing the rRNA operon.  Fragment capture with a specific, 23S rDNA targeted 70-mer oligonucleotide showed good recovery with 62 ng of specifically enriched DNA.  This fragment was then cloned by the methods described below.  Subsequently, we were able to recover similar amounts of a ~20 kb genomic fragment when V. cholerae DNA was spiked into DNA extracted from a natural community at 10, 1 and 0.1%.   We anticipate being able to recover much larger genome fragments using partial digests of environmental DNA that has been size fractionated on pulsed field gels.  As detailed below, we will ultimately use this method to obtain large fragments of DNA from uncultured organisms with unknown genome composition.  
Proposed Approaches

Field Sampling

Chisholm already has an ongoing NSF project at the HOT and BATS stations (see Prior Support section), thus obtaining the samples from there will not be a problem.    We also have an ongoing collaboration with Dr. Anton Post, a cyanobacterial expert at the Interuniversity Institute of Eilat, who has regular cruises on the Gulf of Aqaba (see letter of collaboration), thus facilitating our sampling there.  

Sample Preparation

Cell collection and concentration.  We will need a minimum of 2 x 109 Prochlorococcus cells for each BAC library (~ 20 liters of water); however, to ensure sufficient coverage, we will concentrate cells from 100 liters.  Samples will be pre-filtered (1 (m pore size) to reduce concentration of larger, eukaryotic cells.  The remaining cells will be concentrated by tangiental flow filtration and pelleted by centrifugation as described by Béjà et al. (Béja et al. 2000).  The cell pellet will be frozen in liquid nitrogen.

Cell sorting.  Prochlorococcus cells will be sorted from other phytoplankton and heterotrophic bacteria using the MIT flow cytometry facility, which is equipped with several MoFlo flow cytometers (Cytomation).  As we have shown many times in our past work (Chisholm et al. 1988; Olson et al. 1990), Prochlorococcus has a unique flow cytometric signature that distinguishes it from other phytoplankton and heterotrophic bacteria, and we have sorted them from field populations for other molecular studies (Moore et al. 1998; Urbach and Chisholm 1998).   The MoFlo instrument has high-speed sorting capability, and can sort up to 30,000 cells per second, which means we could get the requisite 109 cells in a 24-hour period.   

If we stain the DNA of the community with a fluorescent stain like Hoechst, we will be able to cleanly sort the Prochlorococcus away from all of the heterotrophic bacteria.  This would be the ideal approach, and we will use it if we can show that the stain will not interfere with the remainder of the analysis, or that we can remove the stain before the analysis without disrupting the DNA.   If this approach fails, we can still greatly enrich the Prochlorococcus cells relative to the heterotrophs through sorting, and the “contaminating” heterotrophs should be easily identified in our libraries.   Since statistically they will be the dominant heterotrophs in the sample, some exploration of their genomic identity could be quite interesting and we will treat this as an ancillary part of the work.
DNA extraction.  Nucleic acids for diversity estimation by PCR amplification and cloning will be extracted using bead beating (Stahl et al. 1988) (Polz and Cavanaugh 1995), which yields DNA from difficult to lyse cells including Bacillus spores.  Although cultured Prochlorococcus cells easily lyse quantitatively, the bead-beating will serve as a reference for the more gentle nucleic acid extraction method used for BAC library construction.  High molecular weight DNA for BAC construction will be extracted as described by Stein et al. (Stein et al. 1996).  Cells will be embedded in agarose in syringes and lysed by extrusion of the mixture into lysozyme and detergent containing buffer.  DNA will be retrieved by enzymatic digestion of the agarose and will be subjected to shearing (see below).

Diversity estimation

Outline.  We will estimate the number of co-existing bacterial ribotypes, and, as a preparation for Prochlorococcus BAC construction, the number of Prochlorococcus genomes in our samples, by determination of the sequence diversity in several genes and genetic elements.  This will allow us to decide the necessary number of clones needed in the Prochlorococcus BAC library for the desired 15 to 20 x coverage of co-existing genomes and will provide us with suitable molecular markers for identification/quantification of specific genotypes in environmental samples or culture collections.  We will target genes that accumulate sequence change at different rate but are limited to genes for which good PCR primers are available.  For the total community, 16S and 23S rRNA genes will be used, and for Prochloroccus the internal transcribed spacer (ITS), and the RNA polymerase and the recA genes will also be assayed.  Diversity of each gene will be estimated from rarefaction of sequence diversity in PCR-generated clone libraries.  We have previously done this for the bacterial community using the 23S rRNA genes (see above), and for Prochlorococcus using the ITS, which is single copy in Prochlorococcus, and have found 20 co-exisiting sequence variants (Rocap et al. 2002).  Since the ITS is considered hypervariable, we expect this approach to be possible for all genes.

PCR amplification and cloning.  All PCR amplification protocols will take into account recent insights into generation artifacts including formation of heteroduplex molecules, which we have recently found to be a potential major source of artificial sequence diversity (Thompson et al. 2002). Thus, at least 10 replicates will be amplified for only 15 cycles to minimize skewing of the distribution of sequence types and accumulation of mutations and chimeric molecules.  Reactions will be diluted 1:10 into fresh reagents and amplified for 3 cycles to remove heteroduplex molecules (Thompson et al. 2002) followed by pooling and cloning.  We can measure the ratio of the different amplification products in the PCR and can extrapolate to the gene templates by estimating amplifications kinetics using our Constant Denaturant Capillary Electrophoresis (CDCE) apparatus.  This provide important information for calculation of the necessary coverage of the different libraries

PCR primers.  For 16S rDNA, the standard Bacteria specific primers 27F and 1492R including recently published modifications.  For 23S rDNA, our recently re-designed Bacteria-specific primers will be used.  These are perfectly matched to all Bacteria 23S rDNA sequences in the Ribosomal Database Project (RDP) and amplified a set of 40 phylogenetically representative bacterial strains (Klepac and Polz, unpublished).  For ITS, primers anchored in 16S and 23S rDNA will be used (Garcia-Martinez et al. 1999).  For recA amplification, primers described by Eisen (Eisen 1995) will be used.  The gene for DNA-dependent RNA polymerase will be amplified as described by Palenik (Palenik 1994).

Diversity estimation by  in situ amplification (polony formation).  As a longer-term technology development project, we will adapt the new polymerase colony (polony) method of PCR amplification in thin polyacrylamide gels with one covalently immobilized primer (Mitra & Church, 1999*, see attached) for rapid diversity estimation of bacterial ribotypes.  DNA extracted from environmental samples will be deposited at appropriate dilutions on glass microscope slides and amplified in situ.  The resultant PCR colonies (polonies) will be hybridized or sequenced in situ for sequence identification (Mitra et al. 2002*, see attached).  This would allow the simultaneous sequencing without prior cloning of thousands of polonies on the slides.

Library and polony screening and diversity estimation.  All libraries will be screened by automated sequencing of clones with a single primer (RevPrep Orbit (GeneMachines) and 3700 sequencer).  A complete sequence for several representative clones in sequence type will be obtained
.   In all cases, the success of the sampling process will be monitored by rarefaction analysis and the total number of sequence types in a sample will be determined by the Chao-1 estimator.  Confidence intervals for the Chao-1 estimator will be calculated as described by Hughes et al. (Hughes et al. 2001).

Phylogenetically ordered large genome fragment libraries.

Outline.  We will capture large genome fragments from bacterial ribotypes to estimate within ribotype diversity and to assay genome structures of important uncultured members of oceanic communities (e.g., members of the “SAR” (Sargasso) cluster, which are dominant bacteria in all oceanic environments) or important sinks of carbon originating from Prochlorococcus (see below, functional diversity array).   For this purpose, a 70-mer probe complementary to a highly variable region within the 23S rDNA of each selected ribotype will be constructed.  For each ribotype, the captured DNA will be cloned and thus a set of phylogenetically ordered libraries generated.  The inserts in each library will vary in size since the environmental DNA is incompletely digested and enriched for size above a 10 kbp cutoff.  Furthermore, the library may contain a background of ribotypes that were captured non-specifically by the 70-mer probes.  Thus, the initial characterization of the libraries will involve a four-step analysis protocol, which allows exclusion of non-desired clones.  First, inserts will be sized by pulsed field gel electrophoresis.  Second, inserts above 10 kbp will be screened by RFLP using hexameric restriction enzymes and ordered by similarity.  The following groups of cloned inserts are expected: (1) same pattern, same size, (2) similar pattern, different size, and (3) different pattern regardless of size.  Third, ribotype identity will be confirmed by sequencing of the 23S and 16S rDNA in the same set of clones and only identical ribotypes will be further analyzed.  Fourth, the sequence in the flanking region (gene) downstream of the 23S rDNA will be determined in all clones containing identical 16S ribotypes.  Two groups of clones are expected that contain (1) homologous flanking genes and (2) non-homologous genes.  Our subsequent analysis will concentrate primarily on the first group since these clones stem identifiably from orthologous rRNA operons (see below). Preference will be given to clones with complete ribosomal operons (and complete operons will be sequenced).

Probe construction.  Specific 70-mer oligonucleotides will be constructed based on alignments of 23S rDNA sequences recovered in our PCR-generated clone libraries using the GCG (Genetic Computer Group, www.accelrys.com) sequence editor.  We have previously determined that tethered 70-mer oligonucleotides have very uniform dissociation behavior almost independent of the sequence (rRNAs have a limited range of GC-content) (Marcelino et al., unpublished).  Thus, optimization of hybridization temperatures and conditions is not needed.  For genome walking by capture, we will use PCR-amplified sequence stretches from the ends of the initially captured fragments.  These should hybridize and capture homologous genes.

Capture of genomic fragments.  Oligonucleotides are tethered to a linker oligonucleotide, which is biotinylated.  Hybridization is carried out in solution and the hybridization product subsequently captured using streptavidin coated magnetic beads.  The efficiency of this process is demonstrated in the preliminary results section.

Cloning.  The captured single stranded fragments are cloned by attachment of linker oligonucleotides and subsequent partial second strand synthesis using Klenow.  This enables either blunt end cloning or forced cloning via restriction sites introduced in the linker oligonucleotides.  The plasmid containing the insert are then be transformed into E. coli host cells where the second strand will be fully synthesized.  The efficiency of the process has been demonstrated (see preliminary results).  To date, we have chosen the PBluescript II SK (+/-) Phagemid (Stratagene), which can carry up to 15 kbp, inserts but the process can be adapted for other plasmids, including BACs.

Sequencing and analysis.  We will aim for the initial sampling of captured genomic fragments of 10 unique ribotypes.  Preference will be given to captured fragments that contain near complete rRNA operons.  Within ribotype diversity and diversity among closely related ribotypes (<5% 16S rRNA sequence divergence) will be examined by sequence comparison of genome regions flanking strictly homologous (orthologous) rRNA operons.  These will be identified by the presence of at least one homologous flanking gene.  By primer walking, we will sequence the flanking regions of a set of representative fragments.  Contigs will be assembled and sequences will be edited and aligned using Sequencher (Gene Codes, Ann Arbor, MI) and GCG v.10 (Acelrys), and open reading frames will be identified.  BLAST similarity searches will be conducted to identify and characterize homologs.  Sequence divergence in flanking genes will be estimated for synonymous (KS) and nonsynonymous (KA) sites using DIVERGE (GCG) as estimators of selection.  Furthermore, we will look for evidence of recombination, gene loss or rearrangement (as described below).

Functional genotype multiplexing

We will develop functional genotype multiplexing, a new technique based on in situ amplification methods (Mitra and Church, 1999*, Mitra et al. 2002* see attached), that allows the rapid simultaneous phylogenetic identification of organisms and determination of presence of specific functional genes.  This will be done by embedding in thin acrylamide gels bacterial cells that have been made permeable by enzymatic digestion and short fixation, and by subsequent in situ amplification in the gels.  Embedding in the gels allows high multiplicities of cells and probes to be inspected without formation of crossover products or heteroduplexes during the PCR since each cell's amplification is compartmentalized away from other cells. One previous source of variability is PCR without prelysis.  Some environmental bacteria are hard to lyse, enzymatic digestion is used to make them permeable in the context of the immobilization polymer the cell DNAs remain separate. The polony format seems to compensate for differences in amplification in another way, which is that the amplicons, which start early or go faster switch from exponential to slower growth (cube-law) while the slower ones stay exponential.  This is expected due to saturation of the core of the polony.   Several primer pairs can be included in the amplification mixture embedded in the gel, some of which can be ribotype or phylogenetic group specific.  Alternatively, rRNAs can be amplified with universal primers and different bacterial phylogenetic groups identified by hybridization.  Identification of colocalized genes is by labeling of primers with different fluors and subsequent detection of specific color mixtures.  Our current experiments on FACS sorted mammalian T-cells are expected to be considerably more challenging than the microbial cells and will allow us to work out methods to get acceptably low "false-negative" rates due to limitations on single molecule PCR, which we have already pushed to over 80% efficiency per molecule.

Prochlorococcus BAC Libraries

Outline.  BAC libraries will be constructed for the samples described in the section above and the size of the BAC library will be determined by the diversity estimates.  We currently estimate based on ITS diversity that ~20 ecotypes co-exist.  This would entail a library size of 10,000 clones assuming 20 x coverage.  At least one of the BAC libraries will be fingerprinted to assemble large contiguous genome fragments of the co-existing Prochlorococcus (see sequence analysis).  However, we will strive to include a second library if the encountered diversity and costs allow.
Vector and host:  We will use HS996, which is based on the most commonly employed host DH10B for BAC libraries, carrying an additional phage T1 resistant mutation.  The resistant mutation prevents the destruction of the libraries due to host lysis by possible phage T1 contamination in laboratories.  We will employ pIndigoBAC536 as a cloning vector.  It carries four unique restriction sites at the cloning region; HindIII, BamHI, EcoRI and Eco72I.  The Eco72I site will be used for blunt end ligation of sheared DNA sources.

Preparation of sheared DNA:  BAC (fosmid) cloning from sheared DNA requires careful preparation of sheared DNA with properly terminated ends: the blunt ends must have 3’-OH and 5’ P terminated ends.  Over the last two years, we have established a highly efficient and reproducible method for obtaining sheared DNA fragments of 30 to 100 kbp.  The agarose DNA plug (100 to 200 ul in volume) is melted in an Eppendorf centrifuge tube by heating at 65 C for 15 min, and digested by agarase to extract DNA.  The DNA is sheared by vortexing at maximum speed for 60 sec and by repeated passing through a 26 gauge needle.  The resultant sheared DNA accumulates sharply at apparent size of 50 kbp.  Although the structure of the ends of these sheared DNA are unpredictable, we found that a simple fill-in reaction by T4 DNA polymerase and phosphorylation by T4 ligase create ends in proper configuration for blunt end ligation.

Library construction:  We will make four libraries with a currently estimated size of 20,000 clones (average insert size 36 kb).  This estimate is based on a genome size of Prochlorococcus of 2 Mbp and 20 ecotypes in the flow sorted fractions to yield 15 to 20 X coverage for a complete physical map of each genotype.  However, the exact coverage will take into account the estimation of ratios of gene targets as a proxy for distribution of the different genomes obtained by CDCE-PCR analysis in the diversity. screening. We will make two copies from each library; one working copy and the other for replication.  The libraries will be stored in 384-well microtiter plates at –80 C.  We have developed a series of quality control procedures to maximize library construction and to ensure the size of the inserts is in the required range (30 kb to 55 kb).  For example, we will check the percentage of the empty (no insert) clones and the size of the inserts in the libraries. (We found that virtually all of the colonies generated by lambda packaging have inserts.)  Twenty colonies generated from each ligation mixture will be checked for the apparent size of the inserts by pulsed field electrophoresis.

Making filters for colony hybridization:  We will make initially 10 sets of filters for colony hybridization (to be distributed among the collaborators).  40,000 colonies (20,000 unique colonies x 2) can be printed on one 20 cm by 20 cm nylon membrane by Genetix Q-bot.  Each set consists of four such sheets.  After processing and fixing DNA on the membrane, they will be shipped to the investigators.  More will be made as needed.

Fluorescent Fingerprinting of BACs

NOTE: The fingerprinting section describes work proposed in the collaborative NSF Biocomplexity proposal by Chisholm, Polz, Shizuya and Olsen.  It is repeated here for clarification but is not part of the budget for this proposal.  The fingerprinting method that Shizuya and collaborators have developed is based on end filling with fluorescently labeled nucleotides as described in detail in (Ding et al. 2001).  We use a class IIS restriction enzyme, HgaI, which cuts DNA five bases away from the recognition site and generate a 5’ overhang having five unknown bases.  These unknown bases can be sequenced with the recessed strand serving as primer and using modified fluorescent dideoxy terminator sequencing reagent (now available from Applied Biosystems).  In order to accurately determine the size of each fragment, the fifth dye is included in each lane.  With this in-lane standard, each fragment is characterized by both the size and the sequence of its terminal five bases.  (To generate fragments small enough to size on automated sequencers, a four-base blunt cutter, RsaI, is included in the protocol.  This method greatly increases the power to detect minimum overlap between clones (10 - 15 % overlaps as opposed to 50 % in agarose-based fingerprinting), and to assemble highly accurate contigs.

We use the modified FPC program to cluster clones into overlapping groups.  The program was originally developed by the Sanger Centre, and based on an algorithm calculating pairwise probability of coincidence, which specifies a random chance of non-overlapping for two clones that share a certain number of fingerprinted fragments.  However, since it uses the information solely based on the size, it is not usable for five colored fingerprinting fragments.  To be able to use the color information (base sequence information), we have modified the program.  The modified program is now available from the site: www.discoverybio.com.

We have successfully tested the method on 555 BAC clones from human chromosome 16p13.1 to 16p11.2 that could previously not be assembled using marker-based hybridization and agarose-based fingerprinting due to regional duplications.  Because we expect high homology among DNA from Prochlorococcus species in the libraries, five base terminal sequence information together with the size information will greatly enhance the accuracy of the contig assemblies and generate highly accurate physical maps.

We estimate that it will take three months to prepare BAC DNA from 20,000 clones, and require an additional six to nine month to fingerprint by a 3700 and/or 373 ABI DNA sequencer.  Data assembly will take three months to complete.

Comparative genomics of Prochlorococcus BAC libraries
Outline.  Four BAC libraries will be constructed, one of which one will serve as the ‘reference’ library.  The reference library will be completely fingerprinted (depending on matching funding from NSF, see above) or sequenced with the goal of assembling complete genomes.  The success of assembly will depend on how many genomes co-exist and how similar these are to one another.  If the genome diversity is moderate we will be able to tile overlapping BACs and obtain a detailed picture of overall genome architecture and superimposed variation.  If genome diversity is too high to assemble contiguous BACs we will establish anchor points in the BACs by probing with highly conserved genes, primarily from informational genes since these have lowest probability of lateral gene transfer (Aguinaldo and Lake 1999).  In this case, the portrait of genome evolution will be of variations in local genome structure (at a minimum the size of BAC inserts) but will nonetheless provide an unprecedented set of data for interpretation of mechanisms of diversification and selection.  The other BAC libraries will be a rich source of comparative data with the background of relevant environmental variation and substructure of the metapopulation.  The presence/absence and sequence diversity of specific genes and pathways will be compared among all BAC libraries (Table 3).  This includes genes and pathways that have already been shown to display key differences in environmental adaptations, including photosynthesis, inorganic carbon fixation, nutrient uptake (N and P), temperature regulation, and organic carbon metabolism.  However, an important asset is the current development of DNA microarrays that will be used for interrogation of gene expression patterns under varying environmental regimes.  Specific genes will be identified in the BAC libraries by hybridization of the filters made from BAC colonies.  Since multiple probes can be used per hybridization and the filters can be reprobed at least 10 times we could search for at least of 500 genes.  More filters will be printed if needed.

Target genes for comparative analysis.  As outlined above, several genes and the pathways that are associated will be targeted either for anchoring the BAC sequencing or for comparison of the BAC libraries from the different environments.  Anchoring genes are those that have low probability of lateral transfer due to the high numbers of interactions of their gene products in the cell (Aguinaldo and Lake 1999) and those that encode important pathways (e.g., photosynthesis and nutrient uptake).  Genes for comparison of the BAC libraries are those that allow testing of the questions of diversification of the populations and the influence of different selection regimes.  Thus, besides information about ecological function, we will include genes with differences in expression level for interpretation of codon bias, and genes under strong or weak environmental selection.  A list of target genes (Table 3) has been drawn up from currently available information based on genome comparison of the Prochlorococcus ecotypes MED4 and MIT9313; however, continuing genomic comparison and information based on environmental regulation of sets of genes as determined by DNA microarrays will serve to supplement this list.

Gene Diversity and Divergence.  Analyses of informational and central metabolic genes will provide a baseline of sequence diversity and relative divergences at the DNA versus protein level.  Establishing such a baseline within the biological system is very important, since the broad range of G+C contents of MED4 and MIT9313 within this relatively tight phylogenetic group indicates one or more shifts in "G+C pressure" (e.g., (Osawa et al. 1987).  Thus, it will be important to characterize (in essence, calibrate) these measures within the low-G+C group, within the high-G+C group, and between the groups.  With this background it will then be more meaningful to interpret the diversity and DNA versus amino acid divergences of other proteins, including those
Table 3.  Candidate genes for the comparative analyses.  The number in parenthesis after the gene name indicates relative degree of expression in MED4 when grown under continuous light (Zinser,  unpubl.).  E=Environmental, H= Housekeeping.  Yes and No indicate presence or absence in the genomes.

Gene
Function
Role
MED4
9313

pstS
phosphate metabolism, periplasmic phosphate binding protein
E
yes
yes

ntcA
nitrogen metabolism, regulatory protein
E
yes
yes

glnA
nitrogen metabolism, glutamine synthetase
E
yes
yes

amtA/cysQ
nitrogen metabolism, ammonium transport protein
E
yes
yes

ureD
nitrogen metabolism, urease component
E
yes
yes

nirA
nitrogen metabolism, nitrite transport
E
no
yes

opp-PBP
oligopeptide permease, periplasmic substrate-binding component
E
yes
yes

acs
acetyl-CoA synthetase
E
yes
yes

malE
maltose/maltodextrin permease, ABC transporter component
E
no
yes

malQ
amylomaltase, breaks down maltose/maltodextrins 
E
yes
yes

kaiB
circadian clock
E
yes
yes

zwf
Glucose-6-phosphate dehydrogenase, pentose phosphate shunt
H
yes
yes

gnd
6-phosphogluconate dehydrogenase, pentose phosphate shunt
H
yes
yes

tal
Transladolase, pentose phosphate shunt
H
yes
yes

glpX
fructose 1,6-bisphospatase, C- fixation via Calvin-Benson Cycle
H
yes
yes

rbcL
Rubisco, carbon fixation
E
yes
yes

pcb (44.7)
photosystem II antenna protein
E
yes
yes (2)

psbA (143)
photosystem II core protein
E
yes
yes (2)

FtsZ (2.21)
cell division protein
H
yes
yes

dnaA (1)
DNA replication protein
H
yes
yes

rnpB (1912)
RNase P
H
yes
?

kaiC (1.48)
circadian clock
E
yes
yes

rpoD (1.48)
sigma factor…housekeeping?
H
yes
yes

ycf27 (2)
two component response regulator protein, function unknown
E
yes
yes

rbcL (2.93)
Rubsico subunit, carbon fixation
E
yes
yes

gltA
citrate synthase, Citric acic cycle
H
yes
yes

acnB
acontiase, citric acid cycle
H
yes
yes

sdhA, sdhB
succinate dehydrogenase, citric acid cycle
H
no
yes

numerous
high light inducible proteins
E
yes(21)
yes (9)

phr, or0495
photolyase 
E 
yes(2)
no

that are most apt to be directly involved in environmental adaptations.  These include genes in the photosynthesis system and transport proteins for scarce resources.  A priori, we would expect that some genes central to photosynthesis, such as chlorophyll biosynthesis genes, would behave much like central metabolic genes, whereas others will more strongly reflect environmental adaptations.

We will explore the relative merits of different methods of estimating DNA and protein divergences for this data set.  We have a bias towards likelihood-based methods when they are available, and new models and measures are routinely becoming available (not to mention being hotly debated) (e.g., (Bielawski et al. 2000; Gu 2001a; Gu 2001b; Huelsenbeck and Nielsen 1999; Muse 2000; Yang and Bielawski 2000; Yang and Nielsen 1998; Zhang 1999).  In the end, it will be comparisons of genes in different functional categories that will be used as the arbiter in our studies.  Fortunately, it is unexpectedly high divergence that tends to indicate a relaxation or other change in constraints, and this is opposite to most systematic errors in current methods, so false positives will be relatively rare (and they might be an indication of other interesting phenomena, such as lateral gene transfer).

Codon Usage.  Among other parameters to be monitored is codon usage as it has been found (in some systems) to provide information on gene expression level (Sharp and Li 1986) (Sharp and Li 1987a).  Although Codon Adaptation Index (Sharp and Li 1987a) is commonly used to monitor this, it tests for matching to a specific codon usage pattern, not just a large departure from random.  Thus, other measures will also be explored.  We also note that highly biased codon usage in a gene systematically changes divergence estimates (Sharp and Li 1987b), so this too will need to be considered in evaluating observed divergences. Another application (and in some respects more useful) of codon usage analysis has been the detection of "alien" genes (e.g., (Badger 1999; Médigue et al. 1991; Ochman et al. 2000).  In addition to methods such as correspondence analysis, which is particularly good at revealing recurring patterns, we are interested in using distance-based methods that will reveal unusual patterns, even if a given pattern is found only in a single gene.

Phylogenetic Analyses.  We have much experience at phylogenetic analysis of nucleotide and protein sequences (Moore, et al. 1998).  These types of analysis are powerful tools for generating a variety of genome-scale hypotheses, e.g. about metabolic potential.  Of great interest will be congruency of phylogenetic trees for different genes, when their associations with specific lineages can be determined by presence in common DNA fragments, e.g., (Béja et al. 2002a), by BAC mapping, or by association with specific isolates.  Incongruent trees can provide evidence for recombination or horizontal transfer of genes (though other causes must also be considered, including systematic errors and cryptic paralogy).  A second aspect of phylogenetic trees that can be quite striking is a lengthening of branches to genes when their function is changed, or constraints are relaxed.  Finally, phylogenetic analyses provide a context within which to interpret other data, including gene presence and absence, or rearrangements.

Whole Genome Sequencing of Assembled Genomes

If this proposal is funded, we would have as a first year milestone to provide the JGI with genomic DNA and/or BACs for sequencing a selected number of Prochloroccus and interacting uncultivated species' genomes.   As stated in the DOE RFP for this GTL solicitation, we have not included this in the budget, since the sequencing would be done by the JGI.   We anticipate that 300 Mbp of raw sequence would be a valuable resource for 10X coverage of 1000 BACs (half centered on  rRNA sequences and half from key assembled contigs) plus 100 single cell profiles at 1X coverage (~65% sequence)  of both ends of 4 kbp restriction fragments.  The single cell libraries help establish that the metabolic potentials all come from one cell rather than chimeric ambiguities in a BAC fingerprint contig from a mixture of incompletely purified cells.  It will be augmented by short sequence surveys done in the context of polony correlates with metabolic functions (see below).

Goal 3b:  Functional Diversity Arrays and Single Cell Activity Multiplexing

Outline.  We will determine the heterotrophic sinks of important carbon substrates by two techniques: (3b.i) The Functional Diversity Array (FDA), and (3b.ii) Single Cell Activity Multiplexing.  Both are culture independent approaches that allow identification of heterotrophic bacterial populations or individual cells that actively metabolize labeled substrates.  We will use these approaches to explore the interconnection between Prochlorococcus and populations that act as sinks for excreted carbon.

Goal 3b.i.  Functional diversity array

In short, the FDA approach is as follows: (I) Use 23S rRNA (and 16S rRNA) gene clone libraries as templates for construction of oligonucleotide probes against variable regions of the molecule (see probe construction). (II) Spot oligonucleotide probes on glass slides using a robotic arrayer. (III) Incubate environmental samples with 14C-labeled substrate of interest (see 14C-labeling of rRNA). (IV) Extract total rRNA from the incubations and hybridize to glass slides containing probes (see hybridization).

14C-labeling of active heterotrophic populations: 14C-labeled substrate is efficiently incorporated into rRNA and can be used to identify populations that actively degrade a specific organic compound. Both, E. coli pure cultures and natural bacterial assemblages, incorporated acetate and glucose into cellular RNA at 2 and 7%, respectively, of total substrate assimilated within a one to two cell doublings. Based on these results, the sensitivity of our phosphorimager and literature data on composition of bacterial cells, we have conservatively estimated a limit of detection for identification of a bacterial population growing on an added substrate to be 100-1000 cells (within limits independent of volume) (Bertilsson & Polz 2001). We will spike environmental samples with carbon compounds previously identified as excretion products of Prochlorococcus (e.g., formate, glycollate, acetate, lactate; see Goal 2) and with Prochlorococcus cells pregrown on 14CO2 and analyze accumulation of label in rRNA in a pulse and chase fashion.

Goal 3b.i. Single-Cell Activity Multiplexing. 

A complementary approach to FDA will be taken for organisms, which do not have sufficiently active rRNA synthesis.  In this, the same  14C-labeled substrates will be incubated with the whole cell population (direct ocean samples and FACS sorted samples) spread on polony slides for rapid but thorough filter rinses, autoradiography and rRNA-typing (see ‘Functional Multiplexing’ for a description).  This will help determine the trans-membrane uptake rates and specificities.  It will be calibrated with clonal bacteria (Prochlorococcus, Pseudomonas, Caulobacter) to calibrate with known pumps and channels and to determine stochasticity that is independent of the major genetic differences expected in wild populations.  The cells will be FACS sorted onto the slide so that the position on the slide gives information that can be later used to enrich for that cell type.  Even the cells which are metabolically dead by all the above criteria can be genotyped for rDNA and a dozen other metabolic genetic markers to determine if there is enrichment for certain types of cells to die. For example, we might expect that the fastest growing cell-types dominate this class.  This approach could be extended to cover a variety of other transported substances (& isotopes) including atoms which would (33PO4- -, 3H-uridine) or would not (e.g. 45Ca++, 55Fe++, 35SO4--) be present in the nucleic acid probes used in the 14C hybridization assay above (Haurani , et al. 1993).  This in turn provides powerful assays and hence purifications based on their ability to modulate the above uptake/incorporation rates with molecules found in the cell environment (ocean samples), e.g. HSL or siderophores (Guan and Kamino, 2001).  The individual cells at the end of multiple such assays can be (destructively) genotyped by polony amplification, sequencing and/or hybridization.  They can also be assessed for doubling rate microscopically.  We have successfully done analogous polony genotyping for single mammalian T-cells FACS-sorted  onto slides, which is undoubtedly more technically challenging since the genome size is 1000-fold more complex.
Goal 3c: Spatio-temporal (4 dimensional) patterns of genome expression within biofilm communities of Pseudomonas spp.
Introduction to biofilms

Populations of surface-attached microorganisms comprised either of single or multiple species are commonly referred to as biofilms.  In most natural settings bacteria are found predominantly in biofilms, yet for many years studies of bacterial physiology focused on the free swimming or planktonic state of bacterial cells.  The widespread recognition that biofilms impact a myriad of environments, from water pipes to indwelling devices in hospital patients, has led to concerted efforts at gaining a better understanding of the molecular mechanisms that underlie the development of these communities.

Simply stated, biofilms can be defined as groups of microbes on a surface.   Surface-associated bacteria exist in a variety of physiological states, maintain different cell densities and colonize diverse surfaces. Every microbe thus far investigated has been shown to colonize surfaces under some conditions, and the surfaces that sustain growth vary greatly to include abiotic solids, liquids or living cells.  Thus, it appears that surface-associated growth, or biofilm formation is important in the ecology of most or all bacteria. In fact, it is generally accepted that most microbes spend the bulk of their existence in biofilms (Costerton et al., 1995; Henrici, 1933).  Recently, we have begun to appreciate the spatial organization and complex intercellular signaling networks that develop when microbes are present in multi-cellular communities.  These higher order bacterial interactions suggest that within biofilms, a microbe’s physiology will be very distinct from its well-studied planktonic counterparts.  Thus, detailed studies of the molecular processes at work in many different model biofilms will provide a new insights and contexts for understanding microbial physiology.

Microbial biofilms predominate in diverse environments (Costerton et al., 1995; Henrici, 1933).  Pipelines, catheters, teeth, plant roots, and the lungs of Cystic Fibrosis patients are but a few of the most widely recognized surfaces where the effects of biofilms are readily apparent (Costerton et al., 1995).  During the last five years, many investigators interested in microbial physiology and genetics have turned their attention to the study of these surface-associated communities and much has been learned about the molecular mechanisms of biofilm formation.  As compared to the view of just a few years ago where many investigators felt that robust biofilm formation was an attribute of a few bacterial species, it is now clear that virtually all microbes can form biofilms.  Perhaps the most salient feature of biofilm-associated bacteria is that their physiology and metabolism are markedly different from that of their planktonic counterparts . 

Genetic analyses of biofilm development

We initially isolated and characterized mutants defective in biofilm formation on abiotic surfaces.  Our general approach was to work with pure cultures of microorganisms and the communities they formed on abiotic solid surfaces such as polyvinylchloride and borosilicate glass.  To carry out this approach we developed a very simple genetic screen to identify and characterize the genetic determinants important for biofilm formation (O'Toole and Kolter, 1998).  The gold standard method for growing and analyzing biofilms has been the flow cell (Costerton et al., 1995).  However, these chambers are not particularly well suited to the development of genetic screens where high throughput is important.  The basis of the genetic screen that we developed was to use a microtiter dish well as a chamber for biofilm growth.  Biofilms could then be visualized using a stain such as crystal violet, saffranin, or ruthenium red.  The simplicity of the assay meant that it was relatively easy to carry out high throughput screens of thousands of randomly generated mutants.  The complete or partial loss of biofilm staining after rinsing served as an operational definition for mutants defective in biofilm formation.  Subsequent microscopic examination revealed that the mutants isolated were blocked at different stages of biofilm development.  Therefore, as described in detail below, a simple genetic screen allowed for the elucidation of a number of the steps involved in biofilm development.  

We carried out genetic screens on libraries of mutants Pseudomonas fluorescens and P. aeruginosa (O'Toole and Kolter, 1998; O'Toole and Kolter, 1998).  The rationale behind this choice of model organisms was based primarily on the diversity of the environmental niches colonized by each and their ease of genetic manipulation.  P. fluorescens is a plant-beneficial root-colonizing organism used as a biological control agent on various vegetable crops (Geels and Schippers, 1983).  Colonization of the plant root is an important step in the biocontrol activity of this bacterium.  P. aeruginosa is a ubiquitous soil microbe.  While it is often considered for its role in opportunistic infections and its broad host range, which includes plants, mice, invertebrates, and insects (Rahme et al., 1995), its broad role as an environmental microbe is clear. 

The biofilm-defective mutants obtained in the genetic screens were subsequently analyzed microscopically to determine where in the pathway of biofilm development they were blocked.  In addition, since the mutations were due to transposon insertions it was possible to immediately map the physical site of the mutation.  This process was greatly facilitated when we modified an arbitrary PCR amplification technique to allow us to sequence insertion sites without having to clone the chromosomal fragments (O'Toole et al., 1999).  The physical mapping of the insertion sites was also greatly simplified by the fact that the genome sequence of at least one strain of these organisms was available. Thus, it was relatively easy to quickly know which gene was affected and when during biofilm development that gene function was required.

The results of our analyses, in conjunction with the work from other groups, allowed us to build a working developmental model for biofilm formation that involved four genetically defined stages:  i) Attachment, ii) Surface Colonization, iii) Biofilm Maturation and iv) Detachment.  In the following sections we summarize the progress we have made in defining and refining this model.

Attachment.  Attachment to abiotic surfaces such as plastic or glass occurs in response to specific environmental signals, i.e. biofilm formation is not a constitutive response. Rather, in response to different environmental cues, bacteria turn on genes that allow them to attach to surfaces. We have found that bacterial biofilm formation relies much more on the composition of the medium rather than the physical properties of the surface itself (O'Toole and Kolter, 1998). Thus, it is not surprising that among the genes found to affect biofilm formation are those involved in sensing the environment. We have identified several putative sensor kinases and response regulators with no prior known function from Pseudomonas aeruginosa (G. O'Toole, L. Friedman, P. Watnick, N. Bomchil and R. Kolter, unpublished observations). We have also found that the carbon catabolite regulator Crc, another environmental sensor/regulator, is essential for surface colonization during biofilm formation in P. aeruginosa . 


Once the cells sense the right environmental cues, they face the challenge of making contact with the surface. Mutants unable to swim showed great delays in biofilm formation, suggesting flagellar motility (swimming) facilitates initial contact with the surface.  The main role of flagellar motility seems to be to provide force-generating movement that allows the cell to overcome repulsive forces when approaching the surface and become attached.  In the absence of flagellar motility there appears to be enough kinetic energy from Brownian motion to allow some cells to eventually attach and form biofilms.  The flagella themselves do not seem to serve as adhesins as paralyzed mutants that still have flagella are also defective in biofilm formation.  Finally, while swimming plays an important role in attachment, chemotaxis does not seem to have a role, at least when attachment involves inert abiotic surfaces and homogeneous nutritive environments.  Once contact with the surface is made, it is necessary for the bacteria to stabilize their interactions with the surface and in many instances pili play a critical role in this process (O'Toole and Kolter, 1998).  

Surface Colonization.  Once stably associated with the surface, bacteria begin to colonize it.  Colonization involves a combination of three distinct processes: growth and division of surface-associated cells, recruitment of additional planktonic cells via cell-to-cell interactions, and migration of attached cells along the surface.  The concerted action of these three processes leads to the formation of stable microcolonies in the early phases of biofilm development.  We showed that cell-to-cell interactions can be mediated by surface structures such type IV pili, which mediate twitching motility in P. aeruginosa (O'Toole and Kolter, 1998).  The biofilm defective phenotype of the P. aeruginosa Crc mutant described above is due to a decrease in twitching motility due to the fact that Crc controls the transcription of the pil genes, which encode the type IV pili apparatus.  The involvement of twitching motility at this stage of biofilm formation is analogous to the social motility exhibited by Myxococcus xanthus during fruiting body development (Wall and Kaiser, 1999).  These observations served as the starting point that led us to draw many parallels between biofilm formation and fruiting body development and put forth the developmental model of biofilm formation.  

Biofilm Maturation.  The assemblage of critical numbers of cells in microcolonies on a surface signals the start of biofilm maturation.  As biofilms reach maturity, they develop their characteristic architecture of matrix-enclosed pillars of densely-packed cells surrounded by water filled channels.  At this time, biofilms develop an increased resistance to antimicrobials; the mechanism of antimicrobial resistance remains unknown.   Much progress has been made in determining the genes involved in the production of the extracellular matrix of biofilms, which is composed largely, though by no means entirely, of exopolysaccharide.  Recent work from John Mattick indicates that DNA is also part of the extracellular matrix.  We found a particularly interesting connection between flagellar motility and the synthesis of exopolysaccharide in V. cholerae O139; the loss of the flagellum led to overproduction of the exopolysaccharide.  That observation led us to propose a model whereby the signal to initiate exopolysaccharide synthesis, the committed step in biofilm formation, was the sensing of a non-functioning flagellum due to the cell’s association with a surface.  In fact, it now appears that V. cholerae and Pseudomonas putida at least transiently lose their flagella within biofilms (P. Watnick and R. Kolter, unpublished observation), indicating a possible mechanism for this type of regulation of exopolysaccharide production.


The P. aeruginosa genes responsible for the major exopolysaccharide involved in biofilm architecture have not been clearly defined.  The major candidate exopolysaccharide, alginate, appears to be part of the extracellular matrix but in some environments mutants unable to synthesize this polymer make what appears to be normal biofilms (G.A. O’Toole, personal communication).  In an elegant study published in 1998, the Greenberg and Costerton groups showed that biofilms formed by P. aeruginosa mutants unable to synthesize a quorum sensing compound, the C12 acylated homoserinelactone, were defective in maturation (Davies et al., 1998).  The mutant biofilms consisted of densely packed cells, did not display the characteristic architecture of wild-type biofilms, and were easily destroyed by detergents such as SDS.  Yet, those biofilms appeared to contain normal amounts of alginate.  To date the quorum sensing-regulated genes responsible for detergent resistance and biofilm architecture have not been identified.  Very recently, however, we have obtained biofilm-defective mutants in a cluster of genes that appear to encode an exopolysaccharide, which is not alginate (L. Friedman and R. Kolter, unpublished results).  Further studies will be needed to determine whether this new gene cluster is in fact responsible for the synthesis of the major architecture-conferring exopolysaccharide in P. aeruginosa.

Detachment.  When the environmental conditions are no longer propitious for the biofilm mode of growth, biofilms can fragment and detach.  In P. aeruginosa, biofilms that were incubated for prolonged periods in batch culture eventually weakened and dissolved.  This observation led us to hypothesize the existence of a “biofilm inhibitory factor” (BIF) produced in stationary phase cultures of this organism.  In fact, we were able to partially purify a substance from stationary phase culture supernatants that both inhibited biofilm formation and dissolved preformed biofilms (G. O'Toole and R. Kolter, unpublished results).  The substance was shown to exhibit surfactant activity but was also shown to be distinct from the known surfactants of P. aeruginosa.  

Proposed work on 4D structure of Pseudomonas biofilms


With this as background we can now look precisely at how the genome manifests itself within a biofilm.  The remarkable architecture of biofilms already suggests a high degree of cellular specialization.  Several studies have indicated that different patterns of gene expression occur within different regions of biofilms.  However, relatively little is known about how this differential gene expression is regulated and whether it reflects a more dramatic cellular differentiation.  Our analyses of B. subtilis biofilms led to the surprising discovery that sporulation occurred preferentially at the tips of aerial projections on the surface of the biofilm [Branda, 2001 #2565].  However, virtually nothing is known about the specialization of labor within different zones of Pseudomonas biofilms, using Pseudomonas fluorescens, Pseudomonas putida and Pseudomonas aeruginosa isolates from environmental settings.  Our aims in the research plan presented here are to begin to understand how physical and chemical signals are integrated and transduced among the cells composing the biofilm to achieve spatial and temporal differentiation.

The Biological System.  Biofilm formation by the Pseudomonas follows a distinct developmental pathway depending on the experimental set-up utilized.  For the proposed experiments we will use batch cultures and analyze the biofilm that forms on the air liquid interphase.  We will use this as this process involved the natural congregation of cell in response to environmental changes and self-generated signals. The cells then aggregate and maturation of the biofilm follows.   After inoculation of standing cultures, motile cells proliferate throughout the liquid as planktonic cells until they reach a density of ~5 x 108 cfu/ml.  At that point, the vast majority of the cells migrate to the air-liquid interface where they form a biofilm that floats on the surface of the medium.  Cells within the biofilm undergo dramatic differentiation as they continue to proliferate.  Cells become non-motile and are held together by an extracellular matrix.  As the cell mass increases, some groups of cells form aerial projections.  It is important to note that this high degree of differentiation is only apparent in wild isolates of Pseudomonas and in less domesticated strains such as PA14 and not observable in the sequenced strain and not in domesticated laboratory strains.  Thus the importance of analyzing robust environmental strains.

The Working Model and Central Hypothesis.  Our preliminary genetic analyses of floating biofilm formation has allowed us to construct a developmental model that will be further refined through the proposed experiments.  Our central hypothesis is that the interplay between cell-cell signaling and the microenvironments within the biofilm produces spatial and temporal patterns of gene expression that lead to localized cellular differentiation.  This hypothesis must now be critically tested through a detailed analysis of the gene expression patterns in different regions of the biofilm.  To do so, we will analyze the spatial and temporal expression of the Pseudomonas genome.  We will develop microscopic techniques coupled to mRNA amplification techniques to analyze the spatio-temporal expression patterns of all highly expressed genes.  Lastly, we will disrupt genes known to be involved in environmental sensing and cell-to-cell signaling and assess their effects on the spatial and temporal patterns of gene expression.  The compilation of the results obtained through the analysis of where and when genes are expressed will result in a "functional anatomy" of differentiated Pseudomonas  biofilms.
Analysis of the spatio-temporal gene expression.  The thrust of our experimental approach will be to study the development of Pseudomonas biofilms much as one would study a multicellular organism.  We and others have shown that within structured microbial communities, such as biofilms, member microbes display differences in gene expression depending upon their location within the community.  This indicates that regions of cell differentiation, and perhaps specialization, exist within these communities, and we refer to such regions, as well as those that are morphologically distinct, as biofilm “zones”.  This section describes the microscopic analyses that will enable mapping of the Pseudomonas biofilm zones that show cellular differentiation as defined by differential gene expression.  These initial analyses will constitute a series of experiments in which the spatial and temporal patterns of expression will be mapped.  At first we will characterize gene expression in mature wild-type biofilms.  Subsequently, we will similarly analyze biofilms prior to their maturation.  In our experimental set-up, mature biofilms are defined as those that form after five days of incubation at 25ºC in TB (tryptone broth).  For these studies, strains will be grown in standing cultures incubated at 25ºC and sampled every six hours over five days, to enable study of the patterns of gene expression during all stages of biofilm development.  The result of these initial observations will be the establishment of a temporal and spatial map of gene expression.

Analyses of biofilm thin sections.  The biofilms to be analyzed for gene expression will be characterized both through molecular approaches that amplify mRNA in situ and by microscopic approaches.

The molecular approaches will necessitate that we develop mRNA amplification and that we have comprehensive arrays for which the collaboration and integration with the other aims of this program project are essential.

We will use both light microscopy and transmission electron microscopy (TEM).  The biofilms will be fixed in paraformaldehyde, washed with glycine to quench free aldehyde groups, and infiltrated with sucrose or dextran as cryoprotectants.  For light microscopy, the samples will be embedded in Tissue-Tek OCT compound on a cryostat chuck, frozen in an EtOH/dry ice bath, and 5 µm thick sections will be made using a microtome equipped with a glass knife.  These sections will be captured on polylysine-coated slides, air-dried, and covered with aqueous mounting medium and a coverslip and subjected to in situ hybridization using selected mRNA probes determined from our in situ expression analyses.  For TEM, the biofilm samples will be directly frozen in liquid nitrogen and sectioned (0.07 µm thick) using a microtome equipped with a diamond knife; the sections will be placed on formvar/carbon-coated copper grids and treated with uranyl acetate in methyl cellulose for contrast and embedding.

Confocal scanning laser microscopy of intact biofilms.  Confocal scanning laser microscopy (CSLM) is perhaps the most powerful technique for analyzing patterns of gene expression within relatively thick specimens.  For our purposes, the most attractive aspects of CSLM are that it enables simultaneous detection of multiple fluorescent probes as well as three-dimensional imaging through assembly of “stacks” of successive optical sections.  Moreover, CSLM specimens do not require fixation or other potentially disruptive manipulations as long as they have been fluorescently labeled in vivo.  For this reason, we will use a transcriptional gfp fusions to selected reporter genes, obtained from our molecular approaches to follow gene expression within the biofilm.  The gfp allele that will be used encodes an unstable variant of GFP allowing for the monitoring of the dynamics, rather than the history, of sspE expression within biofilms.  Biofilm fragments excised from mature biofilms will be fixed to a coverslip using non-fluorescent acrylamide, and sealed within the depression of a welled slide.  Vertical or horizontal optical sections about 0.3 µm thick will be captured using reflected backscattered light imaging to detect structural features followed by fluorescence imaging to detect GFP expression.  The images of corresponding sections will be merged to show GFP expression within the context of the structural features observed.  We can also use the fluorescent dye FM4-64 (Molecular Probes) to label cell membranes nonspecifically, to serve as an additional reference.  Three-dimensional viewing of GFP expression patterns will be achieved through assembly of successive optical sections into stacks.  At the conclusion of these experiments we will have mapped the spatial and temporal patterns of gene expression and developed the techniques to study the spatial and temporal expression patterns key biofilm-specific genes.  

Goal 3d: Genome-wide transposon tag array quantitation to survey the relative fitness of thousands of different genotypes in a mixed microbial population
The Ausubel laboratory has been studying the role of phenotypic variation in the formation of P. aeruginosa strain PA14 biofilms (Drenkard, 2002).  This project derived from the observation that antibiotic resistant PA14 colonies appear at a frequency of 10-6-10-7 when cultures were plated on Luria-Bertani (LB) agar containing kanamycin (200 µg/ml).  One class of resistant variants (~30%) exhibited a rough colony phenotype compared to the wild-type and was called RSCV (Rough Small Colony Variant).  When RSCVs were grown on antibiotic free LB agar, wild-type revertants characterized by a large colony size, smooth appearance, and wild-type susceptibility to kanamycin, arose on the edges of the variant colonies after 5 days incubation at room temperature suggesting that the phenotypic changes observed in the resistant variants were transient. 

Unlike wild-type, RSCV formed visible aggregates when liquid cultures were left without shaking at room temperature.  Moreover, RSCV exhibited increased attachment to surfaces such as glass and polyvinylchloride plastic (PVC).  Reverted RSCV showed wild-type levels of both agglutination and attachment to glass and PVC plastic.  Consistent with the self-aggultination phenotype, RSCV clones agglutinate at a lower salt concentration (0.125 M) than wild-type PA14 (0.5 M), indicating that RSCVs had a higher degree of surface hydrophobicity.  Moreover, confocal scanning laser microscopy (CSLM) of GFP-labeled PA14 showed that RSCV form biofilm faster which has a greater biomass than wild-type.  Additionally, measurements of viable biomass of GFP-tagged PA14 and RSCV cells using CSLM analysis showed that biofilms formed by RSCV are more resistant to a continuous flow of the antibiotic tobramycin (200 µg/ml) than wild-type PA14 biofilms, paralleling the resistance observed on plates.

Phenotypic (phase) variation is a common phenomenon in Gram-negative bacteria that often involves environmentally regulated changes in surface components leading to changes in observable phenotypes (Henderson, 1999).  Consistent with a role for phase variation in the formation of RSCV, there is a 40-fold increase in the frequency of appearance of resistant variants (not just RSCV) obtained on LB media containing NaCl (85 mM) compared to the same medium without NaCl and a dramatic 106-fold increase on minimal M63 salts compared to LB medium.  

Importantly, by transferring a cosmid library of PA14 chromosomal DNA en masse to RSCV, we identified a regulatory gene that causes 100% reversion of RSCV to the antibiotic susceptible non-selfagglutinating form.  The gene that was identified, pvrR (phenotypic variant regulator) shows sequence similarities to response regulator elements of two-component regulatory systems, including 30% identity and 45% similarity to the Vibrio cholerae response regulator VieA.  Moreover, sequence analysis of the regions located upstream and downstream of pvrR revealed the presence of two additional ORFs (designated ORF1 and ORF3 respectively) with sequence homology to two-component regulatory elements.  To determine whether pvrR or a highly similar pvrR homolog is present in other P. aeruginosa strains, we performed PCR analysis of 14 P. aeruginosa strains using PvrR-specific primers.  We subsequently confirmed the specificity of the PCR products obtained by Southern blotting and hybridization with a pvrR-specific probe.  Among 14 strains tested, 12 strains contained the pvrR gene fragment or a highly similar fragment. Consistent with the putative role of PvrR in the regulation of phenotypic switching, overexpression of PvrR in wild-type PA14 resulted in a 6-fold reduction in the frequency of resistant variants obtained after plating overnight cultures on kanamycin plates (200 µg/ml) compared to wild-type.  Finally, since PvrR is involved in the regulation of the phenotypic switch, we hypothesized that mutation of pvrR would alter the proportion of resistant variants present in the PA14 population.  Indeed, a 914 bp in-frame deletion of pvrR (∆pvrR) in PA14 exhibited increased frequency of appearance of resistant variants on kanamycin plates with respect to the wild-type. 

These data show that P. aeruginosa is capable of undergoing transient phenotypic changes that enhance their ability to form biofilms.  Analogous to phase variation phenomena, enhanced biofilm forming RSCV representing a relatively small fraction of the bacterial population ensure its survival in adverse conditions, such as the presence of antibiotics.  It remains to be determined whether the underlying mechanism of RSCV formation involves the types of DNA rearrangements that characterize other phase variable systems (Han, 1997, Henderson, 1999).  Because the appearance of phenotypic variants in response to antibiotic treatment has been reported in both Gram-negative and Gram-positive bacteria (McNamara, 2000), resistance mechanisms similar to the one found in this study may be common among other bacterial pathogens

Background on Making Non-Redundant Libraries

Rather than screening random mutant transposon libraries, we now propose to sequence the insertion sites of approximately 24,000 random transposon insertions in the PA14 genome.  This number gives a 95% probability of obtaining an insertion in each of the estimated 4,800 non-essential P. aeruginosa genes.  From this library of 24,000 sequenced insertions, a single insertion in each targeted gene will be chosen for screening in model hosts.  There are several advantages of this approach:

· Instead of screening 24,000 mutant lines for a particular phenotype to saturate a screen, only approximately 4,800 mutants will have to be screened. 

· Screening with a 4,800-member library that contains known insertions identifies genes that are not related to a particular phenotype as well as genes that are involved. 

· When a putative mutant has been identified, it is necessary to verify that the targeted gene is the cause of the phenotype of interest.  Currently, this involves one of two laborious procedures, complementation analysis with the wild-type gene or reconstruction of the mutant by targeted mutagenesis.  For any given gene, however, the library of non-redundant insertions will likely contain additional, independent insertions that can readily be tested to determine if the same phenotype is observed.

· PA14 contains several large blocks of DNA not found in PAO1 (E. Drenkard, S. Miyata, J. Villanueva, L. Rahme, S. Calderwood and F. Ausubel, unpublished data), High-throughput sequencing of all members of the insertion library will facilitate the identification of additional genes present in PA14 but absent in PAO1.  Moreover, the sequencing project described in this proposal will provide somewhere between 1.5 and 2.0 fold sequence coverage of the non-essential portion of the PA14 genome. 

The Ausubel is in the process of generating a saturated non-redundant library of sequenced insertions using a highly automated protocol.  Briefly, PA14 is mutagenized with transposon TnphoA and insertion strains are picked by a colony-picking robot (Qbot).  The mutants in microtiter plates are assigned barcodes and are then replica plated to generate backup copies of the library for storage using a microtiter plate and liquid handling robot (Biomek).  The locus disrupted by the insertion in each mutant is identified by PCR amplification followed by sequencing of the genomic region adjacent to the transposon.  A Biomek robot is used to set up the PCR reactions that are then cleaned up using a Qiagen Biorobot.  The cleaned PCR products are sequenced by the MGH sequencing core facility.  Ultimately, the resulting data will be entered into a MySQL relational database that is under development.  We are able to obtain high quality sequences for 89% of the mutants and the projected throughput has increased to approximately 4,600 colonies processed and sequenced per three-week interval.   

It is unlikely that a single transposon will be sufficient to saturate the PA14 genome.  Therefore, a derivative of the mariner transposon will be used to make additional transposition events when the library is saturated with TnphoA.  Unlike TnphoA, mariner is of eukaryotic origin and presumably exhibits target site preferences different from that of TnphoA.  We have found that a mariner-based transposon (TnGFP3; obtained from J. Mekalanos) is five-fold more efficient at mutagenizing PA14 than TnphoA and we can obtain PCR products and DNA sequence using this alternate transposon with a similar (89%) efficiency.  An outward facing T7 promoter will also be included.  The T7 promoter will be used for in vitro transcription in quantitative growth experiments (see Badarinarayana, et al. 2001*, attached, and goal 3d for Prochlorococcus below, where the same strategy of Y-linker PCR followed by T7 RNA polymerase is needed to get the precise array quantitation of the selected genotypes).
Using this high throughput protocol, to date we have produced 4608 (48 96-well plates) individual insertional mutants using the TnPhoA transposon and processed them for long-term storage.  Several of these mutants have been further processed for PCR and sequencing to identify the genomic region adjacent to the transposon insertion.  Working with this first set of mutants, we have optimized the high throughput protocol for maximal efficiency.  

We have also made advances in the design of the bioinformatics tools required to store and manipulate the data generated by the construction of the PA14 uni-gene library.  Specifically, we have been developing a sophisticated MySQL relational database that will be essential for both sorting and tracking the individual transposon mutants as well as mapping the transposon insertions to specific open reading frames.  Currently, the database performs two general functions:  1) tracking the physical location and the stage of processing of each mutant and 2) completing sequence analysis for individual mutants.  

The PA14 uni-gene library project requires processing numerous plates in series and in parallel.  The database records which plates have completed a given step of the process, including culture, PCR, and sequencing.  The database also records the physical location of each mutant in the corresponding wells of each microtiter plate, allowing us to retrieve a given mutant from any plate at any stage of the process.

The database system also automates much of our sequence data analysis.  DNA sequence files for each of the PCR products are imported and correctly assigned to the corresponding mutant in the database.  The database then uses software (Phred) to identify low quality or questionable sequence and remove it, leaving behind only high quality sequence for two types of subsequent alignment analyses:  (a) Since the PCR products contain a short stretch of Transposon DNA adjacent to the PA14 genomic DNA, the database identifies the transposon sequence within the remaining high quality sequence using the Smith Waterman alignment algorithm.  This allows an accurate determination of the genomic site into which the transposon has inserted and therefore disrupted.  (b) Because the complete genomic sequence of PA14 is unavailable, automated BLAST searches are performed using the annotated genomic sequence of the highly related strain, PAO1 (www.pseudomonas.org).  Successful sequence alignments are then used to identify the location of the transposon insertion site and to determine whether it lies within an ORF.  Sequences that fail to align with the PAO1 genome may correspond to genomic DNA that is present in PA14 but absent in PAO1 -- examples of such sequences have already been identified in the Ausubel and other laboratories, and many of these “PA14-specific” sequences have been shown to contribute to the virulence of this more pathogenic strain. 

Significant Quality Assurance testing has been completed to ensure that the database accurately relates and processes each mutant DNA sequence file.  As noted above, we feel that a single transposon will not be sufficient to saturate the PA14 genome since it will likely have both hotspots and coldspots for integration. Unlike the TnphoA transposon, a derivative of the mariner transposon (a transposon of eukaryotic rather than prokaryotic origin) presumably exhibits target site preferences different from that of TnphoA.  Additional features have been added to the database that allow the software to process chromatograms derived from mutants created by insertion of the mariner transposon.  

Using the current version of the database, a subset of the original 4608 mutants has been analyzed and a preliminary breakdown of the PA14 mutants has been obtained.  Approximately 60% of 744 Processed Sequences align with ORFs represented in the PAO1 genome.  20% of these Processed Sequences align with intergenic PAO1 genomic sequence.  An additional 20% do not align with any sequence in the PAO1 genome and may represent PA14-specific sequences.  A web page has been designed so that processed mutants that align with PAO1 ORFs can be viewed and requested: http://pga.mgh.harvard.edu/cgi-bin/pa14/mutants/retrieve.cgi.  At this site, the "virtual" insertion site in the PAO1 genome, the ORF that overlaps this site and any annotation associated with the ORF is listed for each mutant.  Visitors to the site can search for specific mutants by specifying any one of these fields.  Alternatively, visitors can download the entire list of mutants.  As more mutants are added to the database, the number of mutants listed on this site will expand, providing more reagents to the Pseudomonas community.  

Further develop and apply methods to detect differences in large genomic regions.
Scientific Questions to be Addressed


The intensive application of the tools of molecular genetics to the study of environmental microbes, coupled to the availability of complete genome sequences, has revolutionized the study of environmental microbiology in recent years.  However, a key gap in our knowledge of environmental microbes relates to the variability that is found among natural isolates.  While complete genome sequences are now essential tools for future research, it remains to be determined just how widely the genetic content varies among different strains of microorganisms and how this variability affects metabolic activity.  Thus, it is imperative that the functional significance of genomic variability among environmental bacteria be studied in a methodical and rigorous way.  The key questions to address to gain future insights into this matter include:

How much do the genomes of natural isolates vary with respect to those genomes whose sequence has been determined?

What genes are missing?

What different/novel genes are present in natural isolates?

What are the functions associated with the novel genes?

Could these genes encode potential new enzymatic activities with bioremediation potential?


The three environmental organisms that we propose to utilize as the focus of this research represent among the most ubiquitous microbes and are members of the broad group known as the Pseudomonads.  For these microbes, most of their evolutionary history is likely to have occurred in the open environment and is thus are likely to have repeatedly encountered horizontal gene transfer opportunities.  It is likely that their genomes will display a remarkable degree of heterogeneity amongst microbiologically similar isolates. 

Our central hypothesis is that microbes that must survive in constantly changing environmental settings with continual encounters with other microbes will contain highly variable genomes, indicative of frequent horizontal gene transfer.  At the core of the proposed research is the testing of key predictions of this hypothesis.  Most importantly, this hypothesis predicts that worldwide isolates of Pseudomonads are predicted to contain large numbers of genes that differ from those present in the sequenced strains.  While there are some indications that this will indeed be the case, the number of strains that have been characterized to date is too limited to validate or falsify the hypothesis.   The proposed work will, of course, also provide the scientific community at large with an expanding database that should eventually contain “all” the genes that can be said to be present in strains of P. aeruginosa, P. fluorescens and P. putida.
Proposed Work

Environmental strains of from different locations worldwide have already been isolated and characterized microbiologically.  At present, our collection of natural isolates is composed of several dozen isolates from each species.  Initial screening was performed with the aim of obtaining a heterogeneous collection of isolates by surveying from diverse environments.  In particular, we have selected soil Pseudomonads from pristine fields, from fields undergoing intense agriculture and from oil-fields.


The next step in the research will be to determine the differences in genome arrangement between the new isolates and the "model" strain whose genome has been sequenced.  Genes that are missing and, most interestingly, new genes, will be identified using microarray and hybridization technologies.


Once new genes are identified, they will be mapped by sequencing genomic clones and thus their site of insertion into the known genome will be determined.  From here the work will take two directions.

1.
Bioinformatics approaches will be used to attempt to identify the function of some of the new genes.

2.
Multiple tagging methods will be used to assess the relative fitness of the natural isolates when in competition.


The central question to be addressed in this project is that of genetic variability among natural bacterial isolates of three members of the broad microbiological group Pseudomonads.  While the genomic sequences have now been completed or are nearly completed for Pseudomonas fluorescens Pf0-1:  5.5 Mbp, Pseudomonas putida KT2440 6.1 Mb, Pseudomonas putida PRS1: 6.1 Mbp, Pseudomonas aeruginosa PA01, 6.264 Mbp, it is not yet known how much variation there will be worldwide among isolates.  In particular, several of these strains have been domesticated through many years of laboratory maintenance.   Thus, a most important aspect of our proposed work is to establish criteria that will be applied in the selection of strains to be analyzed.  Ideally one would want to analyze as many strains as possible.  The very nature of this project is such that the more strains are analyzed, the quicker the analysis of subsequent strains becomes.  However, at the outset, selection parameters should be aimed to analyze strains that give indications of containing the most differences from the sequenced strains.


The first criterion to be used is that of geographic/environmental location.  Strains of these microorganisms that have been isolated from the most diverse geographical/environmental regions will be analyzed first.  To quickly discriminate strains, isolates will be catalogued in terms of differences in RAPD and pulsed-field gel electrophoresis chromosomal patterns.  Insertion sequence pattern differences that have already been documented will also be used.  The aim is to rapidly identify about 10 to 20 isolates from each species to carry out the whole genome analysis.  As the work progresses additional strains can be added to the in depth analysis, particularly if new isolates are identified that have unique features with respect to their bioremediation potential.

Identification of genes missing in new isolates vs. sequenced strains. 


Once the initial collection of strains is identified, the next step will be to map their genomes relative to the reference genomes.  For these analyses we will need the central tool of this project: gene microarrays representing the sequenced genomes.  Microarrays for Psa PA01 are already available.  For the other genomes we will synthesize oligonucleotides array on glass slides.  As new genes are discovered as a result of this project, they will be added to the subsequent editions of the microarrays.  The eventual hope is to generate nearly comprehensive microarrays that contain “all” genes known to be present in these microbes, thus making subsequent genomic mapping trivial.  The first full-fledged effort in this regard will be the comprehensive sequencing of the genes in Psa PA14 not present in Psa PA01.


Having microarrays, the identification of genes missing in the new isolates becomes simple.  We will use fluorescently labeled genomic DNA from the new isolates to probe the microarrays.  The hybridization patterns can then be analysed directly to identify deletions.  Novel genes present in the new strains, however, will have to be identified through a lengthier process.

Identification of new genes in isolates vs. sequenced strains.

The key step that will allow the identification of novel genes present in the new isolates will be the generation of special probes to hybridize cosmid libraries made from DNA of the new isolates.  Concurrent with the preparation of the probes, we will generate the cosmid libraries.  


Two alternative approaches will be used to prepare probes that are highly enriched for sequences unique to the new isolates.  The first approach makes use of the fact that M13 libraries produce single stranded DNA that can be used directly as probe without denaturation.  New isolate DNA fragments, with average size inserts of 1 kilobase, will be cloned into an M13 vector.  Once good libraries are available, as judged by the percent of phage containing inserts, we will prepare single stranded phage DNA.  This DNA will be hybridized in solution with an excess of denatured chromosomal DNA from the sequenced strains.  In this way, the only insert DNA that will remain single stranded will correspond to those sequences that are not represented in the sequenced genome.  Without further denaturation, this DNA will be used to probe cosmid libraries that will have been denatured and immobilized on nitrocellulose or nylon membranes. Phage DNA that has hybridized to cosmids can be detected by using a labeled oligonucleotide complementary to M13.  Alternatively,  the new isolate DNA can be denatured and hybridized at low concentration to a vast excess of sequenced strain single stranded DNA which will be fixed on a solid matrix.  The new isolate DNA remaining in the liquid phase will be amplified using randomly primed PCR.  The amplified product can be used directly to probe the cosmid library of new isolate DNA.


Those cosmids that give positive results on the initial hybridization will be purified and reprobed using Southern hybridization analysis.  Cosmids that reprobe positive will be subjected to limited sequence analysis from both vector-insert boundaries.  In this way we will be able to quickly locate the insert within the known genome.  Three general results are possible:  a) both boundaries correspond to known sequences, b) one boundary corresponds to known sequences or c) neither boundary is present in the sequenced genome.  When the boundaries are part of the sequenced genomes, the sequence immediately maps the cosmid insert to a region of the known chromosome.  The novel genes can then be pinpointed by restriction mapping followed by sequencing. If the boundaries are not represented in the genome, those novel sequences can be used to generate a probe to identify overlapping cosmids.  These cosmids in turn can be used to “walk” to the next sequences that match the known genome sequence.  Once novel regions are precisely mapped they will be sequenced in their entirety. 


The end-result from these analysis will be a set of complete chromosome sequences where all gene-sized deletions and insertions that differentiate the new isolates from the sequenced strains will have been delineated.  These new sequences will then be used to generate primer pairs to PCR amplify the new genes from their corresponding strains so that the amplified products can be added to the microarray slides for use in the subsequent analysis of new isolates.

Genetic analyses

From here the work will take two directions.  First, bioinformatics approaches will be used to attempt to identify the function of some of the new genes.  This approach will help to narrow down the number of possible genes to be further analyzed by indicating those with interesting functions.  Genes predicted to code for membrane components, for products involved in signal transduction, for global regulators or for proteins that have possible roles in interactions with the host or might be important in survival will be considered.  We might expect that novel genes identified  might be related to the strains' capacity to survive in different environments and thus might reveal potentially useful genes for application in agricultural biocontrol and bioremediation.

Second, genetic approaches will be used to generate mutations in these genes and the phenotypes of these mutations on key aspects of bacterial physiology, such as fitness within mixed strain biofilms.  Targeted gene disruption and transposon tagging should be straightforward, as these species have been genetically manipulated in the past.  Alongside the mutants, we also plan to study the competitive fitness of the new isolates versus the sequenced strains by conducting competition experiments in in vitro formed biofilms.  

Goal 3d: Technologies to analyze bacterial fitness.   Mismatch methods 

In order to monitor changes in phenotypes that result from single nucleotide changes in the genome, we have developed a method based on recognition of mismatched DNA by mismatch binding proteins, One system, termed GIRAFF (Genomic Isogenicity Review by Annealing of Fractionated Fragments) is based on the ability of the CELI nuclease recognize and cleave DNA fragments at mismatched bases in a heteroduplex DNA, generated by annealing of DNA of wild-type and mutants bacteria. (Sokurenko et al, 2001). The method requires large-scale fractionation of DNA and probing of fractions by Southern hybridization. Although we have demonstrated that GIRAFF can be used in a reliable way with several known mutations, it is rather labor intensive, and is not easily applicable to a large-scale genome mutational analysis. We are currently developing an alternative method, which takes advantage of the ability of bacterial mismatch-binding protein MutS to recognize heteroduplexes containing at least one mismatched base pair. E. coli MutS, bound to magnetic beads can be used to remove heteroduplexes form the mixture of annealed fragments, that have been digested with restriction enzymes, mixed. We demonstrated that the predicted specific DNA fragment, containing several mutations, present in a 12 kb plasmid (xcpTUVW-pDN18) can be enriched for by MutS-mediated adsorption, following digestion of the plasmid and denaturation-annealing of the combined fragments and PCR amplification of the bound DNA. This specific fragment is not detected when denatured fragments from each digest are allowed to reanneal prior to MutS treatment.   We are currently expanding this method to a genome-wide detection of mutations in the P. aeruginosa chromosome, combining MutS isolation of mismatched fragments with identification of mutated genes using microarrays.

Goal 3d: Genome-wide transposon tag array quantitation to survey the relative fitness of thousands of different genotypes in a mixed microbial population
Developing a Genetic System for Prochlorococcus:  Progress to date


A reliable and efficient way to introduce DNA into Prochlorococcus is a vital prerequisite for a genetic system.  As such, our experiments thus far have been to demonstrate that conjugation with E. coli is a effective means to introduce foreign DNA into Prochlorococcus.  In these experiments, ProchlorococcusMED4 cells were mated with an E. coli conjugal donor strain containing two plasmids, pRK24 and pRL153.  

pRK24 encodes a broad host range conjugal apparatus that has been shown to mediate DNA transfer to a wide range of bacteria including myxobacteria, thiobacilli, and cyanobacteria (Elhai and Wolk, 1988).  In fact, this plasmid has been used to transfer DNA from bacteria to fungal (Saccharomyces) and mammalian (CHO K1) cells (Waters, 2001).  The other plasmid in the E. coli conjugal donor strain was pRL153.  pRL153 is a kanamycin-resistant derivative of the broad host range plasmid RSF1010. .   RSF1010-derived plasmids have been found to efficiently replicate in the unicellular cyanobacteria Synechocystis strains sp. PCC6803 and PCC6714 and Synechococcus strains sp. PCC7942 and PCC6301, even though these plasmids contain no cyanobacterial DNA (Mermetbouvier et al., 1993).  Thus, we hypothesized that pRL153 would be transferred into Prochlorococcus by conjugation and would replicate autonomously in the Prochlorococcus cell, endowing them with kanamycin-resistance.

To demonstrate that pRL153 could be introduced into Prochlorococcus by conjugation, it was necessary to detect pRL153 in pure MED4 cultures after mating.  Even if the plasmid were detected, one could not be sure that it was in Prochlorococcus if there were residual E. coli surviving from the mating in the media.  Although Pro99 media (fortified Sargasso Sea water) does not contain an organic carbon source, experimental evidence supports that E. coli can live in Prochlorococcus cultures for long periods of time (Tolonen, personal observation).  Thus, Prochlorococcus matings were done with a MED4 strain isolated by Erik Zinser that is resistant to streptomycin at 100 micrograms/ml.  This streptomycin concentration is well above the resistance levels of our Prochlorococcus and E. coli lab strains.  

The conjugation methods that we are using for Prochlorococcus are based upon methods used for other cyanobacteria (Elhai and Wolk, 1988; Brahamsha, 1996).  To mate E. coli and Prochlorococcus, late log cultures of both species are grown in liquid.  The E. coli and Prochlorococcus cultures are then concentrated and mixed together.  This mating mixture is spotted onto plates consisting of seawater and agarose.  After 48 hours, the cells are excised from the plate and transferred to liquid seawater media with 100 µg ml-1 streptomycin (Sm) and with or without 25 (g ml-1 kanamycin (Kan) to see if the growth characteristics of the cells have changed.   The experimental design is outlined in Table 1.

Table 3a. Experimental design for MED4 conjugation experiments with E. coli.  After mating, cells are transferred to media containing 100 µg ml-1 Sm  +/– 25 µg ml-1 Kan. The E. coli strain with conjugal plasmid and transfer plasmid is 1100-2 (pRK24, pRL153).  The E. coli strain with only the transfer plasmid is 1100-2 (pRL153).   Results signifying a successful conjugation are indicated.

        MED4 Treatment:
      Outcome for MED4:





 Pro99 medium  + Kan
  Pro99 medium - Kan





+  E. coli (w/ transfer

plasmid and w/ conjugal plasmid)
    growth
   growth

+  E. coli  (w/ transfer plasmid w/o conjugal  plasmid)
    no growth
   growth

-   E. coli
    no growth
   growth





We found that mating conferred kanamycin-resistance to MED4 relative to the unmated controls.  Furthermore, the kanamycin-resistance phenotype of mated MED4 cells was dependent upon the presence of the pRK24 conjugal plasmid within the donor E. coli cells. 

 Once MED4 cells that had been mated with the E. coli conjugal donor began to grow under kanamycin selection, a sub-culture was transferred to fresh Sm Kan media.  The growth of the mated MED4 cells was compared to unmated cells in media with or without kanamycin (fig. 1).  
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Figure 3a.  Growth curves comparing mated and unmated MED4 cells when transferred into fresh media with +/ - 25 micrograms/ml Kan.  Each treatment shows duplicate cultures.  The MED4 conjugation cultures were mated with the E. coli donor 1100-2 (pRK24, pRL153).
After identifying mated MED4 cultures that were kanamycin-resistant, it was important to demonstrate that this resistance was due to the conjugal transfer of the kanamycin-resistance plasmid pRL153.  The first step was to demonstrate that the post-mating liquid cultures contained no viable E. coli donor cells.  Viable count assays on LB plates were unable to detect even a single live cell of E. coli from a 10 ml sample of the culture, indicating that the post-mating streptomycin selection killed all of the remaining E. coli cells. 

The second step was to demonstrate by PCR that the pRL153 plasmid was present in the MED4 cultures.  Two sets of PCR primers were designed to amplify different regions of pRL153.  One primer pair was designed to amplify a 500 base pair region within the kanamycin-resistance gene and the other to amplify pRL153 sequence outside the kanamycin-resistance gene.  PCR experiments were done directly on 5 microliters of MED4 culture.

It was found that MED4 cultures yielded PCR products with both primer pairs only after mating with E. coli (Figure 3b, below), indicating that pRL153 was successfully transferred to MED4 by conjugation.  These experiments support that conjugation with E. coli is a viable means to introduce DNA into Prochlorococcus.  

                     [image: image4.jpg]



Figure 3b.  Using primers to amplify sequence inside or outside the kanamycin-resistance gene, PCR products are detected in mated MED4 cultures but not in unmated cultures.  Lanes are numbered from left to right. Lanes 2-4 are PCR products using primers outside the kanamycin-resistance gene of pRL153.  Lanes 5-7 are PCR products using primers inside the kanamycin-resistance gene of pRL153.

Lanes 1 and 8:  100 bp ladder

Lane 2: purified pRL153 

Lane 3: unmated Prochlorococcus MED4

Lane 4: mated Prochlorococcus MED4

Lane 5: purified pRL153

Lane 6: unmated Prochlorococcus MED4

Lane 7: mated Prochlorococcus MED4

Experiments to develop transposon mutagenesis in Prochlorococcus
Previous experiments in our lab have demonstrated that conjugation with E. coli is a viable means to introduce foreign DNA into the Prochlorococcus cell.  Currently, we are applying these conjugation techniques to determine if the Himar1-mariner transposon can be used to make random, tagged insertions in the Prochlorococcus chromosome.  Himar1 has been shown to efficiently transpose in E. coli and Mycobacterium in vivo (Rubin et al, 1999).  In fact, they concluded that this transposon will be active in any bacterial strain for which expression signals are known and there is a system for introducing DNA.  Based upon their results, we are developing a Himar1 based in vivo transposition system for Prochlorococcus.     

Initially, we are constructing a plasmid vector to deliver the Himar1 mariner transposon into Prochlorococcus   This vector has several salient features (fig. 3c below).  First, the plasmid contains a mini-transposon consisting of a selectable marker flanked by 31 bp inverted repeats.   The selectable marker is the chloramphenicol resistance gene driven by the Prochlorococcus psbA promoter.  The psbA promoter is a strong, Prochlorococcus promoter that will enable us to select Prochlorococcus cells that contain the mini-transposon using 0.5 µg ml-1 chloramphenicol.  The flanking inverted repeats are recognized by the transposase protein and mobilize the cassette for transposition into the chromosome.  In addition, the plasmid contains an origin of transfer so that it can be mobilized for conjugal transfer from E. coli to Prochlorococcus.  It also contains a colK origin of replication that is recognized by E. coli but not Prochlorococcus (not shown).  Thus, once introduced into Prochlorococcus, this plasmid will not replicate autonomously and all chloramphenicol-resistant cells will be expected to contain integrated copies of the mini-transposon.  Finally, this plasmid contains the transposase gene driven by the psbA promoter.  This promoter will cause the transposase gene to be highly expressed in Prochlorococcus, facilitating transposition, and weakly expressed in the E. coli conjugal donor strain.  
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Figure 3c.  Diagram of the plasmid vector to deliver the Himar1 mariner transposon into Prochlorococcus.  This plasmid contains a mini-transposon flanked by inverted repeats. The inverted repeats are recognized by the transposase and mobilize the cassette for transposition.  The mini-transposon has a chloramphenicol-resistance gene driven by the Prochlorococcus psbA promoter and an outward facing T7 promoter.  The T7 promoter will be used for in vitro transcription in quantitative growth experiments (next section).  In addition, the plasmid has an origin of transfer to so that it may be transferred into Prochlorococcus by conjugation.  Finally, the plasmid has the Himar1 mariner transposase gene driven by the Prochlorococcus psbA promoter.   This promoter results in high expression of the transposase gene in Prochlorococcus, and weak expression in E. coli.

We will deliver the plasmid shown in fig.1 into Prochlorococcus by conjugation.  Subsequently, we will select for Prochlorococcus transconjugants with 0.5 µg ml-1 chloramphenicol.  If we can identify chloramphenicol-resistant colonies, we will attempt to detect the mini-transposon in the Prochlorococcus chromosome by PCR.  Further, Southern blotting of DNA from 20-30 colonies will be used to determine if the transposon did indeed insert randomly.  

The ability to make random gene disruptions in Prochlorococcus will enable a host of new possibilities for genetic experiments.  Initially, we will use it to make a genome-wide library of Prochlorococcus mutants.  We will make this library by introducing the Himar1 transposon by conjugation, selecting transconjugants using chloramphenicol selection on plates, and transferring the resistant cells to liquid culture in 96 well plates.  Cells in 96 well plates can then be frozen as stocks to form a mutant library.  This library could be used to identify genes involved in diverse environmental adaptations, such as growth in adverse light conditions and nutrient stress.  Foremost, we will apply the transposon library to evaluate genome-wide analysis quantitative growth phenotypes by competition in chemostats.       

Prochlorococcus fitness experiments to select insertional mutants by competition in chemostats

An ideal way to study the role of a gene in mediating an adaptive response is to measure its contribution to the fitness of the organism.  Traditional genetic screens identify genes that are required for growth under selective conditions.  However, we would like to quantify the relative fitness contributions these genes when the cell is under selection.  To this end, we propose use the methods developed by Badarinarayana et al., 2001* see attached, to study Prochlorococcus genes involved in nutrient stress.   These methods facilitate the genomic analysis of quantitative growth phenotypes using insertional mutagenesis and DNA microarrays.  To do these experiments, we propose to use transposon mutagenesis to make a library of random Prochlorococcus mutants.  We will then pool these mutants and compete them nutrient-replete and nutrient-limited chemostats. Using full-genome Prochlorococcus DNA microarrays, we will compare the relative abundances of mutants in the libraries before and after selection in chemostats to identify insertions that reduced the fitness of the organism under selection.

Our laboratory has extensive experience growing phytoplankton under nutrient-limited conditions in chemostats.  In these experiments, we will grow a pool of transposon mutants in chemostats under nutrient-replete and nutrient-starved conditions.  For example, both a nitrogen-replete and nitrogen-limited chemostat will be inoculated with a pool of Prochlorococcus transposon mutants.  The continuous cultures will then be maintained in log-phase for a defined time period of approximately 30 generations.  Cells will then be harvested, and the relative abundances of each of the transposon mutants will be quantified using the methods described in Badarinarayana et al., 2001.  By comparing the relative abundances in the nutrient-replete and nutrient-stressed cultures to the original transposon library, we will identify genomic insertions that had negative fitness consequences specifically under nutrient-stressed conditions. Further, we will be able to quantitatively compare relative fitness deficits of different mutants.   These experiments will provide us a powerful means to discover genes involved in nutrient stresses of Prochlorococcus and assign fitness contributions to those genes under nutrient-stressed conditions.

"Goal 4 -- Develop the Computational Methods and Capabilities to Advance Understanding of Complex Biological Systems and Predict their Behavior. "
Computational models on the edge of optimality

It is clear that detailed simulations of complex biological systems (e.g. protein folding, and full regulatory networks) are too computationally challenging and/or data-limited for the immediate future (the time period covered by this grant proposal).  But there are great success stories in computational biology wherever the data are “overdetermined” (e.g. crystallography and genome sequencing). Our group has been dedicated for years to determining what data are needed for useful models and what methods are needed to obtain those data. Another aspect of computation biology that can be exploited is focusing on optimality, mimicking natural selection in order to predict cellular and population behavior.  In addition to the various computational tasks that are scattered throughout Goals 1-3, in this section we propose innovative and integrative approaches that tie together many experimental high-throughput data streams in intuitive and powerful ways.

Metabolic flux analysis and optimization: a successful combination for whole-cell modeling

Metabolic flux analysis methods have proven very successful in performing whole cell studies with explanatory and predictive capacity. As opposed to approaches aimed at modeling dynamic behavior through differential equations and/or stochastic simulations, steady state metabolic flux analyses do not rely on the knowledge of kinetic parameters. Rather, they are based solely on the knowledge of the stoichiometric coefficients of reactions in the metabolic network. One main feature of such models is the possibility of describing mathematically a feasible space representing the set of all metabolic states allowed for an organism under a given set of environmental conditions. Flux Balance Analysis (FBA) (Varma and Palsson 1994; Bonarius, Schmid et al. 1997; Edwards and Palsson 1998) employs optimization methods (Linear Programming) for restricting such feasible space to a single point, hence allowing detailed predictions. FBA has been successfully applied to various microorganisms, such as Haemophilus influenzae (Edwards and Palsson 1999; Schilling and Palsson 2000), Escherichia coli (Edwards and Palsson 2000; Edwards and Palsson 2000; Edwards, Ibarra et al. 2001) and Helicobacter pylori (Edwards, Schilling et al. 2002*), as well as to organelles (Ramakrishna, Edwards et al. 2001).  We have recently developed the method of Minimal Perturbation Analysis (MPA) (Segre et al 2002*), a variant of FBA that uses Quadratic Programming for performing accurate predictions of metabolic behavior of mutant strains and of organisms forced to unnatural metabolic or environmental conditions.

Goal 4a: Integrating Metabolic &Regulatory Networks: Applying MPA to Goal 2. 
Annotated genome data will be the starting point for characterizing the metabolic network topology in Prochlorococcus, Caulobacter and Pseudomonas. Data will be represented in the form of stoichiometric matrices (Varma and Palsson 1994, Segre et al  2002), which can be directly fed into the FBA and MPA computational framework. Proteogenomic mapping data (Goal 1a) will help implementing a first refinement of the stoichiometric matrices. In parallel, whole genome microarray analysis (Goal 2) will provide information about the possible presence of metabolic pathways not included in the genome annotation. Results from Goal 3 will allow us to determine suitable environmental conditions (nutrient uptake fluxes) for realistic flux analysis calculations.  

It will be especially stimulating and interesting to incorporate the photosynthetic process in the metabolic reconstruction of Prochlorococcus. To our knowledge this kind of analysis has never been performed before. We predict that a whole new direction of research in metabolic flux analysis could emerge as a byproduct of this specific part of the project.

Using FBA and MPA analysis, based on this metabolic reconstruction, we will be able to provide experimentally testable predictions of gene knockout effects. Our current FPA/MPA software (Segre et al. 2002* see attached) is especially suitable for performing knockout loops on all genes. For each knockout we will compute both the expected actual metabolic phenotype and the optimal state potentially attainable through adaptation.
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Figure 4a.  Comparing FBA & MPA predictions with wild-type and mutant fluxes.

(see Segre et al 2002*)

Regulation-dependent FBA and MPA will be developed for predicting the metabolic responses under different conditions (Covert et al.  2001; Raamsdonk  2001). Environmental stresses will be modeled by tuning the uptake rates of different chemicals. These could include also metals, a feature that has not been implemented in FBA yet. Immediate (suboptimal) response could be calculated using MPA, while the optimal one would ensue from FBA. A comparison of the two predictions would allow one to determine what features of the genetic network should change in order for the optimum to be achieved.  We already collaborate with Uwe Sauer's group in Zurich (Emmerling et al. 2002, Segre et al. 2002* see attached) on measuring metabolite fluxes by 13C NMR and stable isotope metabolite tagging for mass spectrometry to test these models and we anticipate extending those experimental studies greatly.

Goal 4b: Addition of metabolic genes with MPA. 

Horizontal transfer between different strains (Goal 3a) will be modeled in an FBA/MPA evolutionary model. Addition/deletion of genes, instead of being artificially imposed, could be a consequence of the coexistence of different bacteria in a same ecosystem. A stochastic simulation could determine possible outcome of a competition for survival in such conditions. Alternatively, one could do serially try different gene additions/deletions, and optimize (with FBA/MPA) for metabolic tasks that would correspond to the bioremediation goals.  

Goal 4c: Ecosystem Flux Balance Analysis (in conjunction with the Goal 3b).

Another extension of FBA/MPA, the "Ecosystem Flux Balance Analysis", will look at the steady state of a colony of bacteria (or a multiplicity of mixed cells or colonies) in its environment. Communities of different bacteria (possibly dependent on each other), as well as non-biological chemical reactions happening in the environment, will be joined in a single flux model for the global mass balance of a microbial ecosystem. This could be done for a subclass of chemical reactions, so as to make it realistically possible to cope with more complex communities. Alternatively we will use simple communities, e.g. two species with known requirements for cross-feeding fluxes to help experimentally explore whole combined-network systems. Once the stoichiometric models are validated, FBA an MPA can produce accurate predictions of the metabolic behavior of microorganism under different nutrient conditions. We will perform systematic calculations of the predicted optimal (FBA) and suboptimal (MPA) responses for an array of different environmental conditions.  

 (Goal 4d) Compartmentalized FBA and MPA  (connected with Goal 3c)

Compartmentalized FBA and MPA could be performed as extensions of standard flux balance or of "Ecosystem Flux Balance". In the case of communities potentially shifting to a biofilm phase, different nutrient conditions (e.g. different oxygen availability) could be used for simulating transitions between phases, and optimization of multiple-phase growth rates could be performed. The presence of toxins in the different phases could be included here as well. 

Goal 4e: Spatiotemporal (4D mechanical/compartmental) model
We intend to integrate genomic knowledge with three dimensional structure to model chromosomal folding and replication in organisms like Prochlorococcus and Caulobacter. Detailed knowledge of the spatial positions of genes in the cell will add resolution to our dynamic models and enhance their predictive accuracy for goals 2 and 3. The method will combine previously unrelated approaches from genomics, 3-D structure, and dynamical systems to allow the first 4-D modeling of a cell throughout its cell cycle.

The structure of simple bacterial chromosomes such as those in Prochlorococcus and Caulobacter will be computationally modeled based on constraints derived from genomics, cellular biology, in vivo crosslinking (Dekker et al. 2001), FISH, and topology. The model will require both computational and experimental efforts - with computational prediction providing hypotheses for experiment and experiment validating and refining computational hypotheses.

Our initial work will focus on how the cell solves the problem of folding circular DNA, which is approximately 100 times the cell diameter (in circumference) into the cell. This chromosomal packing must allow the cell to accomplish its manifold tasks including transcription, metabolism, transport, and replication. These tasks place constraints on the possible conformations of the chromosome.

The most stringent constraints are provided by replication and chromosome segregation. The genome must be copied and the copies must be disentangled and physically separated from each other during division. 

Our model for replication is bi-directional with paired forks and a 4-polymerase assembly, which has been suggested several times in the literature. (Dingman CW 1974;Lemon & Grossman 2001; Sundin & Varshavsky 1980; Hearst et al. 1998; Bouligand & Norris 2000; Roos et al.  2001)

This model has the advantage of simply linking replication and segregation since the replication leads to disentangled copies. The bidirectionality introduces a folding constraint of symmetry about the origin of replication (since the polymerases are joined symmetric points must be close together when replicated.)  Additional biochemical data has yielded the constraint that the origin and terminus of replication are at opposite poles during most of the cell cycle. (Jensen and Shapiro 1999) 
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Figure 4b (above), the bi-directional replication of a segment of DNA (left) - linked polymerases, green. The resulting segregation of chromosomes without entanglement (right)  (Hearst et al 1998)

Another constraint is suggested by the existence of membrane bound polysomes. The simple bacteria that we are modeling lack sophisticated transport machinery. It is more efficient for the DNA coding for membrane proteins to be close to the membrane where it can be transcribed, translated, and the proteins directly inserted. Since roughly 10% of a genome codes for membrane proteins localizing these points to the surface of the cell significantly reduces the number of possible conformations. 

Other (somewhat softer) constraints are provided by protein complexes such as ribosomes, transcription machinery, and carboxysomes (Cannon et al. 2001), which are more energetically efficient to assemble if the genes coding for their components are close to each other in space.

Additionally we can combine information from the stoichiometric matrices used in FBA and MPA to suggest constraints based on the structure of enzyme factories and also add information about the topology of the genetic network in these organisms to provide further constraints.  The increasing number of cases with established channeling of substrates among enzymes increases this type of constraint (Bouffard, et al.  1994; Huang, et al. 2001).

In fact, the combination, of all of these constraints should be sufficient to overconstrain the chromosome structure. One can ask statistical questions about the assumed constraints by dropping certain constraints and seeing how well they are met by enforcing others. 

The model will be able to suggest experiments. For instance, it will be able to predict sets of points that should be close to each other or close to the membrane but which are not initial constraints. These points can be visualized using arrays of lac operons and GFP lac fusions (Jensen and Shapiro 1999).  The analysis of chromosome conformation by intramolecular circularization ligation developed by the Kleckner group at Harvard (Dekker et al. 2002) provides inspiration for a method in which more than one conformational constraint can be obtained per chromosomal molecule. This method is a variant of the polony and crosslinking methods described in Goal 1c.  It is crucial to determine if there are multiple conformations available at a particular point in the cell division cycle. 

Once an energy metric is defined which will provide a minimum for optimal structures that meet the constraints, these structures can be found using traditional Monte Carlo methods and algorithms known from NMR structure prediction.

We currently use a metric based on replication symmetry, origin terminus polarity, replication entanglement, membrane constraints, and ribosomal protein complex constraints and have already generated preliminary structures for the small bacterium Mycoplasma pneumoniae.
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Figure 4c, right: distribution of membrane proteins (blue) and ribosomal proteins (green) along the circular chromosome of Mycoplasma pneumoniae.

.

Our algorithm performs random walks in parameter space for a class of supercoiled helices. The parameters include, helical rise, supercoil frequency, large helix amplitude, amplitude of cosine and sine components of the supercoil, and an envelope frequency for the large helix. This allows a wide diversity of structures from simple helices to very complex supercoiled helices. Our energy metric is already able to distinguish between physiologically attractive structures like figure 4d (below) and 4g, relative to less optimal structures like figure 4e & 4f.
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Figure 4d (above): Mycoplasma genome after preliminary optimization, side view: red - helix, blue - membrane protein coding gene, green - ribosomal protein coding gene, black triangle origin, black diamond terminus. Energy 28.1.
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Figure 4e (above, side view, same symbols as in figure 4d.): Mycoplasma genome after a less successful optimization (than in figure 4d).  The constriction results in reduced satisfaction of the membrane constraints and increased steric clash.  Energy = 30.7.
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Figure 4f (above, top view, same symbols as in figure 4d.):  Mycoplasma genome after preliminary optimization, which fails to fill the interior of the cylindrical cell.
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Figure 4g (above, top view, same symbols as in figure 4d.): Mycoplasma genome preliminary optimization resulting in better filling of the core of the cell (than obtained in 4f).
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Figure 4 h (above, a still shot from a 3D animation, origin on the left, terminus on the right) Replication symmetry and non-overlap.  Blue: Left replicated segment.  Red: Right (i.e. middle) segment; Aqua: unduplicated segment of the circular genome .  This also illustrates an alternative to the MATLAB graphics.  Here a series of steps in the replication of a quasi-helical genome are output in pdb format.  This format allows use of web-compatible tools like RASMOL and CHIME (www.umass.edu/microbio/rasmol/distrib/rasman.htm).  These tools allow 3D-stereo viewing with real-time rotation, selective coloring, 3d-labels for atoms (genes), and more. While intended for display of small molecules and proteins, we find RASMOL is easily scaled up to useful representations of the ultimate in large macromolecules like a genome or cell.  The representation is hierarchical such that at the cell-level the resolution is at the level of the gene (or domain) not individual atoms.  We anticipate that this approach to cell modeling will provide the ultimate integration platform by facilitating: hypertext links, genome function annotation, operon/regulon/protein complexes, visualization of flux optimization, statistical tests of proximity, crosslinking data, ODEs which include polymer synthesis, and cell-environment-interactions (e.g. chemotaxis).
Our computational goals in context of the DOE "Roadmap Computational Goals" 
http://DOEGenomesToLife.org/roadmap/comp_goals.html    (in quotes)

"Sequence Annotation Consistent gene finding, especially for translation start. Identification of operon and regulon regions. Promoter and ribosome binding-site recognition. Repressor and activator-site prediction "

We have found that for even a previously doubly annotated genome (including 3 closely related genome sequences) roughly one third of the genes have incorrect frame or start site correctable using our Proteogenomic MS approach (Jaffe et al 2002*).  Annotation of DNA motifs is far more accurate in the context of comprehensive determination of experimental RNA ends as measured using high-density arrays (Selinger et al. 2000*, 2002*), of in vivo crosslinking (Steffen et al 2002b*), and of RNA sequence tags  (Mitra et al 2002*; Aim 2).  We search for major discrepancies between those observations and our weight-matrix (and higher order) models (Bulyk et al. 2002*, 2001)

"Structural Annotation High-throughput automated protein-fold recognition. Comparative protein modeling from structure homologs. Modeling geometry of complexes from component proteins "  

Our current experience in 3D modeling (Johnson & Church 1999, 2000) is backed up by recent citations to our early work (e.g. Garvie & Wolberger 2001 referring to Church et al 1977). The modeling of structures with more than one stable, in vivo conformation and of macromolecular complexes will be aided by the information on peptide crosslinking.

"Functional Annotation Computational support for protein identification, post-translational modification, and expression. Protein-function inference from sequence homology, fold type, protein interactions, and expression Methods for large-scale comparison of genome sequences. Mass spectrometry LIMS and analysis algorithms. Image analysis of protein interactions and dynamics "   

Obviously this is a huge strength of our group as described in Goal 1.  The pipeline/protocol from instrument to full proteome is described in (Jaffe, et al. 2002*) including laboratory information management, genomics integration, and experimental design feedback.

"New Databases Environmental microbial populations. Protein complexes and interactions. Protein expression and post-translational modification "  

We were among the first to publish on expression databases (Church, 1996; Aach, et al. 2000*) and establish databases including multiple microbial organisms and integrate multiple functional genomics methods.  Meeting the challenge for proteomics modifications is addressed in (Link et al. 1997; Jaffe, et al 2002; and Aims 1 & 4). We were coauthors on the first microarray standardization paper (MIAME, Brazma et al 2001*).

"Data Integration Tools interoperation and database integration. Tools for multigene, multigenome comparisons. Automated linkage of gene/protein/function catalog to phylogenetic, structural, and metabolic relationships "  

In Goal 4 we explain the power of integrating via two main tools,  4D-cell and MPA (Segre, et al. 2002*). The former integrates the structural and functional aspects of microbial cells in an intuitive way suitable for both understanding and design (akin to 3D/4D models in automotive engineering).  The latter is more process-optimization oriented (less mechanical/3D).  Both are very conducive to multigenome comparison in a manner that is much more useful and intuitive than genome rearrangement diagrams.

"Microbial Ecology Support Statistical methods for analyzing environmental sampling. Sequence- and expression-data analysis from heterogeneous samples. Pathway inference from known pathways to new organisms and communities ".  

One of the main sampling problems has to do with "non-cultivatable" and amplification-biases.  These can be addressed by associating each individual cell with an in situ polony profile.  We will especially characterize/document the morphological, staining and lysis properties of the cell, which do not yield to amplification/identification.  The integration of isotopic tracers with array analysis in complex natural and reconstructed communities will greatly improve our ability to model pathways comparing their feasible, optimal and actual usage.

"Modeling and Simulations Molecular simulations of protein function and macromolecular interactions. Development of computational tools for modeling biochemical pathways and cell processes. Implementation of computational tools. Structural modeling of protein variants. Computational tools for modeling complex microbial communities "  

We have provided one of the few working open-source ODE simulators for a cell which lacks polymer-biosynthesis (Jamishidi et al 2001*) as well as an integrative 4D model for a dividing cell (Wright et al 2002*) and MPA/FBA tools.  This project (Goals 1-4) will build on and these highly integrative approaches, emphasizing development of new comprehensive sources of data to overdetermine each.

"Visualization Methods for hierarchical display of biological data: 

(System level => Pathway => Multiprotein machines => Proteins => mRNA => Gene). 

Displays of interspecies comparisons. Visualization by functional pathways (e.g., DNA repair, protein synthesis, cell-cycle control) "   

In the context of all of the approaches above, we have implemented graphical displays, some like Proteogenomics already have ideal hyperlinks to MS-data and genomics.  The 4D-cell model will probably be the most useful hierarchical integration tool as it naturally includes, cell division, 3D-structures, proteomic-crosslinking data, etc. Adapting it for multigenome comparisons and hyperlinks will be a major aspect of Goal 4.

CONCLUDING COMMENTS

At this point, it should be evident that we have a remarkable team effort that is integrated and focused on the key issues -- In order to engineer cells in ecosystems of energy relevance (and protect them from pollution), we need to model whole systems with explicit recognition of the central role of "optimality".  In order to do that modeling, we need detailed and comprehensive data on the actual metabolism of individual cells, including cells, which do not replicate rapidly.  We need to escape the "model organisms" including ways to genomically manipulate and measure whole populations of cells without the restrictions of colony purification. For some methods we also need populations of nearly identical (synchronized) cell states.  To determine the constraints on each cell we need models and measures integrating the full metabolism and replication of the cells.  The technologies described here are novel, cutting through previous impasses, yet down-to-earth in terms of feasibility and rapid start.  We have tried to be frugal in numerous ways, focusing most of the costs on the most abundant, and initially the smallest genomes as well as employing novel, cost-effective technologies. 

MANAGEMENT PLAN 

"The responsibility of and relationship between all participating institutions and investigators, a strategy for maximizing communication and exchange of information between investigators, a data and information management plan, and project milestones."

The ultimate responsibility for milestones, communication, coordination, and budgets lies with the Harvard Center for Computational Genetics (HCCG) and the PI, George Church.   HCCG has been operational since 1997 with origin earlier in the first extramural DOE HGP technology center in 1987.  Since then it has participated in over 50 academic collaborations including initiating three of the original HGP sequencing centers, co-managing several Boston functional genomics resources.  It has over a dozen technology transfers and successful distribution of hundreds of strain and software requests. It has one of the first Internet sites in biology (FTP in 1987, HTTP in 1993) on which scientific and organizational communications are updated daily.  These days some of the most challenging management issues deal with rapidly changing information technologies and the diverse set of highly intellectual talents required for true integration.  This is a very different management task than running a technician-based sequencing center or large relational database maintenance.  Our center focus has always been technology development and data-model integration.  In recognition of this we have just been awarded the only PhRMA-Foundation. Center for Excellence in Integration of Genomics and Informatics (CEIGI).

We are very fortunate to be able to have a team of experts on each of these organisms and technologies all within walking distance (more typically shuttle bus or car), at five world-class institutions (Harvard Medical School, Harvard CGR, MIT, BWH, and MGH).  So communication has been and will continue to be efficient and frequent. In addition to the twice-weekly HCCG meetings to which all collaborators are invited, we will hold monthly meetings specifically dedicated to integrating GTL components. We also will integrate our GTL project with other GTL centers and the potentially relevant (but so far non-overlapping) DARPA BioSPICE project by way of annual meetings organized by DOE and DARPA.  Our group will be one of the few participating in both programs and would thus help bridge and coordinate.

We have established an external advisory committee consisting of Andrew Link (Vanderbilt, Goal 1), Saeed Tavazoie (Princeton, Goal 2), Colleen Cavanaugh (Harvard Goal 3), Bernard Palsson (UCSD, Goal 4).  These four are chosen as people who, based on our past experience, are sufficiently motivated to look deeply into our project progress and plan adjustments.  We expect that the oversight will be by phone, email and at international meetings so as to minimize the impact on the valued time of these four experts.  Obviously our advisors will not be not limited to this set of four, but this set agree in advance to be more proactive and critical on this project than our other colleagues.

The details of the tasks behind the milestones are mentioned in main text for each of the goals.  

The timelines for those milestones is below.  

Abbreviations:  1=Prochlorococcus, 2=Caulobacter, 3=Pseudomonas,

 4= Diverse genera,  5= Technology development
Goals
Years:
2003
2004
2005
2006
2007

(1a) Proteogenomic Mapping

1
1
2
3
1,2,3

(1b) Quantitative Interaction Proteomics
5
1
2
3
1,2,3

(1c) Proteomic Cellular Deconvolution
5
1
2
3
1,2,3
(2a) RNA network in controlled conditions
1
2,3
1,2,3
-
-

(2b) Regulatory motif combinations
1
2,3
-
1,2,3
-
(3a) Study the in situ microdiversity 
5
1,4
1,4
4
4,5

(3b.i) Functional Diversity Arrays
5
5,4
5,4
5,4
5,4

(3b.ii) Single Cell Activity Multiplexing
5  
5,4
5,4
5,4
5,4

(3c) RNA in situ

5
5,3
3
5
3,4

(3d) Transposon arrays

5,3
1
1
5
4


(4a) MPA for Goal 2. 

5
1
2
3
1,2,3

(4b) Adding genes with MPA  (3a)
5
-
3
2
1

(4c) Ecosystem FBA (3b)

-
5,1,3
-
4
5

(4d) Compartmental FBA & MPA  (3c)
5
1
1
3
2,4

(4e) 4D cell division model

5
1
5
2
1,2,3

There are relatively few crucial dependencies, but there are many beneficial interconnections.  For example, goal 4c will greatly benefit from goals 3a,b so goal 4c is delayed correspondingly. Goal 4e will benefit from goal 1c.  Based on past experience, we anticipate that significant changes will occur due the the positive effects of technology development in our group and others.  The milestones will typically entail peer-reviewed publications, patents, and web-delivered data/software.
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Urbach, E., Scanlan, D.J., Distel, D.L., Waterbury, J.B. and Chisholm, S.W. (1998).  Rapid diversification of marine picophytoplankton with dissimilar light-harvesting structures inferred from sequences of  Prochlorococcus and Synechococcus (Cyanobacteria).  J. Mol. Evol.  46:188-201.

1996
Binder, B.J., S.W. Chisholm, R.J. Olson, S.L. Frankel, and A.Z. Worden.  Dynamics of Pico-phytoplankton, Ultra-Phytoplankton, and Bacteria in the Central Equatorial Pacific.  Deep-Sea Res. II 43:907-931.
1995
Vaulot, D, D. Marie, R.J. Olson & S.W. Chisholm.  Growth of Prochlorococcus, a Photosynthetic Prokaryote, in the Equatorial Pacific Ocean.  Science 268:1480-1482.

1995
Moore, L.R, Goericke, R.E., Chisholm, S.W.  Comparative Physiology of Synechococcus and Prochlorococcus: influence of light and temperature on growth, pigments, fluorescence and absorptive properties.  Mar. Ecol. Prog. Ser. 116:259-275.

1994
Martin, J.A. & the IRONEX Group. Testing the iron hypothesis in ecosystems of the equatorial Pacific Ocean. Nature 371:123-148.

1992
Urbach, E. D. Robertson, and S.W. Chisholm.  Multiple evolutionary origins of prochlorophytes within the cyanobacterial radiation.  Nature 355:267‑270.

1992
Chisholm, S.W., S.L. Frankel, R. Goericke, R.J. Olson, B.Palenik, J.B. Waterbury, L. West‑Johnsrud, and E.R. Zettler.  Prochlorococcus marinus nov. gen. nov. sp.:  an oxyphototrophic marine prokaryote containing divinyl chlorophyll a and b.  Arch. Microbiol. 157:297‑300.

1988
Chisholm, S.W., R.J. Olson, E.R. Zettler, R. Goericke, J. Waterbury, and N. Welschmeyer.  A novel free‑living prochlorophyte abundant in the oceanic euphotic zone. Nature, 334(6180):340‑343.
FF



BIOGRAPHICAL SKETCH





NAME
POSITION TITLE




Raju Kucherlapati

Professor




EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, and include postdoctoral training.)








institution and location
DEGREE
YEAR(s)
FIELD OF STUDY


(If applicable)



P.R. College, Kakinada, India
B.Sc.
1960
      
Biology

Andhra University, India
M.Sc.
1962
      
Genetics

University of Illinois, Urbana, IL
Ph.D.
1972
Genetics





Research and Professional Experience:

1967-72

Graduate Student, University of Illinois, Urbana, IL

1972-75

Postdoctoral Fellow, Yale University, New Haven, CT

1975-82

Assistant Professor, Department of Biochemical Sciences, Princeton University, Princeton, NJ

1982-89

Professor, Dept. of Genetics, University of Illinois College of Medicine, Chicago, IL

1989-2001
Professor and Chairman, Dept. of Molecular Genetics, Albert Einstein College of Medicine, NY

2001-

Professor of Genetics and Medicine, Harvard Medical School, Boston, MA

2001-

Scientific Director, Harvard-Partners Center for Genetics and Genomics 

Honors:

Pushpa Rangaswamy Iyengar Memorial Prize for standing first in class of 1962 



Damon Runyon Memorial Cancer Research Fellowship, 1973-74 



NIH Postdoctoral Fellowship, 1974-75



Member, NIH Biomedical Sciences Study Section, 1981-84



Member, NIH Mammalian Genetics Study Section, 1985-89



Co-organizer, Cold Spring Harbor Symposium:  Intermediates in Genetic Recombination, 1988



Chairman, Gordon Research Conference on Molecular Genetics, 1989

   

Co-organizer, NIH Workshop:  Applications of Homologous Recombination to Human Genetics, 1989



Co-organizer, Chromosome 12 Workshops #1, 2, 3 and 4, 1992-97



Member, Genome Research Review Committee, NCHGR, NIH, 1990-95



Member, Mental Retardation Review Committee, NICHD, NIH, 1995-97



Chairman, Mental Retardation Review Committee, NICHD, NIH, 1997-99



Member, National Advisory Council for Human Genome Research, NHGRI, NIH, 1998-

Publications:

1. Kucherlapati, R., R. Tepper, A.G. Piperno and E. Reich. (1978) Modulation and mapping of a human plasminogen activator by cell fusion.  Cell 15, 1331-1340.

2. Kucherlapati, R. and S.I. Shin. (1979) Genetic control of tumorigenicity in interspecific mammalian cell hybrids.  Cell 16, 639-648.

3. Davies, R.L., S. Fuhrer-Krusi and R. Kucherlapati. (1982) Modulation of transfected gene expression mediated by changes in chromatin structure.  Cell 31, 521-529.

4. Roginski, R., A. Skoultchi, P. Henthorn, 0. Smithies, N. Hsiung and R. Kucherlapati. (1983) Coordinate modulation of transfected HSV thymidine kinase and human globin genes.  Cell 35, 149-155.

5. Smithies, 0., R.G. Gregg, S.S. Boggs, M.A. Koralewski and R.S. Kucherlapati. (1985) Insertion of DNA sequences into the human chromosomal Beta globin locus by homologous recombination.  Nature 317, 230-234.

6. Fodde, R., Edelmann, W., Yang, K., van Leeuwen, C., Carlson, C., Renault, B., Breukel, C., Alt, E., Lipkin, M., Meera Khan, P. and Kucherlapati, R.  (1994) A Targeted Chain Termination Mutation in the Mouse Apc Gene Results in Multiple Intestinal 
7. Tumors.  PNAS 91, 8969-8973.


7. Krauter, K., Montgomery, K., Yoon, S.-J., LeBlanc-Straceski, J., Renault, B., Marondel, I., Herdman, V., Cupelli, L., Banks, A., Lieman, J., Menninger, J., Bray-Ward, P., Nadkarni, P., Weissenbach, J., Chumakov, I., Cohen, D., Miller, P., Ward, D. and Kucherlapati, R.  (1995)  A second generation YAC contig map of human chromosome 12. Nature 377: 321-333.

8. Collins, J.E., Cole, C.G., Smink, L.J., Garrett, C.L., Leversha, M.A., Soderlund, C.A., Maslen, G.L., Everett, L.A., Rice, K.M., Coffey, A.J., Gregory, S., Gwilliam, R., Dunham, A., Davies, A.F., Hassock, S., Todd, C.M., Lehrach, H., Hulsebos, T.J.,M., Weissenbach, J., Morrow, B., Kucherlapati, R.S., Wadey, R., Scambler, P.J., Kim, U.-J., Simon, M.I., Carter, N.P., Durbin, R., Dumanski, J.P., Bentley, D.R. And Dunham, I. (1995)  A high density YAC contig map of human chromosome 22.  Nature 377, 367-371.

9. Johnson, D.W., Berg, J.N., Baldwin, M.A., Gallione, C.J., Marondel, I., Yoon, S.-J., Stenzel, T.T., Speer, M., Pericak-Vance, M.A., Diamond, A., Guttmacher, A.E., Jackson, C.E., Attisano, L., Kucherlapati, R., Porteous, M.E.M. and Marchuk, D.A.  (1996)  Mutations in the activin receptor-like kinase 1 gene in hereditary haemorrhagic telangiectasia type 2.  Nature Genet. 13:189-195.

10. Edelmann, W., Cohen, P.E., Kane, M., Lau, K., Morrow, B., Bennett, S., Umar, A., Kunkel, T., Cattoretti, G., 
Chaganti, R., Pollard, J.W., Kolodner, R.D. and Kucherlapati, R.  (1996)  Meiotic pachytene arrest in MLH-1-deficient mice.  Cell 85: 1125-1134.

11. Liedtke, W., Edelmann, W., Bieri, P.L., Chiu, F.-C., Cowan, N.J., Kucherlapati, R. and Raine C.S.  (1996)  GFAP is necessary for the integrity of CNS white matter architecture and long-term maintenance of myelination.  Neuron 17, 607-615.

12. Basson, C.T., Bachinsky, D.R., Lin, R.C., Levi, T., Elkins, J.A., Soults, J., Grayzel, D., Kroumpouzou, E., Traill, T.A., Leblanc-Straceski, J., Renault, B., Kucherlapati, R., Seidman, J.G. and Seidman, C.E.  (1997)  Mutations in human TBX5 cause limb and cardiac malformation in Holt-Oram syndrome.  Nature Genet. 15, 30-35.

13. Johnson, L., Greenbaum, D., Cichowski, K., Mercer, K., Murphy, E., Schmitt, E., Bronson, R.T., Umanoff, H., 
Edelmann, W., Kucherlapati, R. and Jacks, T.  (1997)  K-ras is an essential gene in the mouse with partial functional overlap with N-ras.  Genes Devel. 11, 2468-2481.

14. Edelmann, W., Yang, K., Umar, A., Heyer, J., Lau, K., Fan, K., Liedtke, W., Cohen, P.E., Kane, M.F., Lipford, J.R., Yu, N., Crouse, G.F., Pollard, J.W., Kunkel, T., Lipkin, M., Kolodner, R. and Kucherlapati, R.  (1997)  Mutation in the mismatch repair gene Msh6 causes cancer susceptibility.  Cell 91, 467-477.

15. Wu, G., D’Agati, V., Cai, Y., Markowitz, G., Park, J.H., Reynolds, D.M., Maeda, Y., Le, T.C., Hou, H., Jr., Kucherlapati, R., Edelmann, W. and Somlo, S.  (1998)  Somatic inactivation of Pkd2 results in polycystic kidney disease.  Cell 93, 177-188.

16. Cheung, V.G., Morley, M., Aguilar, F., Massimi, A., Kucherlapati, R. and Childs, G.  (1999)  Making and reading microarrays.  Nature Genetics 21: 15-19.

17. Edelmann, W., Cohen, P.E., Kneitz, B., Winand, N., Lia, M., Heyer, J., Kolodner, R. and Kucherlapati, R.  (1999)  Mammalian MutS homologue 5 is required for chromosome pairing in meiosis.  Nature Genet. 21: 123-127.

18. Wu, G., Markowitz, G.S., Li, L., D’Agati, V.D., Factor, S.M., Geng, L., Tibara, S., Tuchman, J., Cai, Y., Park, J.H., van Adelsberg, J., Hou, H., Jr., Kucherlapati, R., Edelmann, W. and Somlo, S.  (2000)  Cardiac and renal failure in mice with targeted mutations in Pkd2.  Nature Genetics 24: 75-78.

19. Edelmann, W., Umar, A., Yang, K., Heyer, J., Kucheralapti, M., Lia, M., Kneitz, B., Avdievich, E., Fan, K., Wong, E., Crouse, G., Kunkel, T., Lipkin, M., Kolodner, R.D. and Kucherlapati, R.  (2000)  The DNA mismatch repair genes Msh3 and Msh6 cooperate in intestinal tumor suppression.  Cancer Research 60, 803-807.

20. Pellegata, N.S., Dieguez-Lucena, J.L., Joensuu, T., Lau, S., Montgomery, K.T., Krahe, R., Kivela, T., Kucherlapati, R., Forsius, H. and de la Chapelle, A.  (2000)  Mutations in KERA, encoding keratocan, cause cornea plana.  Nature Genet. 25, 91-95.

21. Kneitz, B., Cohen, P.E., Avdievich, E., Zhu, L., Kane, M.F., Hou, Jr., H., Kolodner, R.D., Kucherlapati, R., Pollard, J.W. and Edelmann, W.  (2000)  MutS homolog 4 localization to meiotic chromosomes is required for chromosome pairing during meiosis in male and female mice.  Genes. Dev. 14: 1085-1097.

22. Puech, A., Saint-Jore, B., Merscher, S., Russell, R.G., Cherif, D., Sirotkin, H., Xu, H., Factor, S., Kucherlapati, R. and Skoultchi, A.  (2000)  Normal cardiovascular development in mice deficient for 16 genes in 550 kb of the velocardiofacial/DiGeorge syndrome region.  Proc. Natl. Acad. Sci. USA 97: 10090-10095.

23. Merscher, S., Funke, B., Epstein, J.A., Heyer, J., Puech, A., Lu, M.M., Xavier, R.J., Demay, M.B., Russell, R.G., Factor, S., Tokooya, K., St. Jore, B., Lopez, M., Pandita, R.K., Lia, M., Carrion, D., Schorle, H., Kobler, J.B., Scambler, P., Wynshaw-Boris, A., Skoultchi, A.I., Morrow, B.E. and Kucherlapati, R.  (2001)  TBX1 is responsible for cardiovascular defects in velo-cardio-facial/DiGeorge syndrome.  Cell 104: 619-629.



NAME
POSITION TITLE

Roberto Guillermo Kolter, Ph.D.
Professor

EDUCATION/TRAINING 
INSTITUTION AND LOCATION
DEGREE
YEAR(s)
FIELD OF STUDY

Carnegie-Mellon University, Pittsburgh, PA
B.S.
1975
Biology

University of California, San Diego, CA
Ph.D.
1979
Biology

University of California, San Diego, CA
Postdoc
1979-1980
Biology

Stanford University, Stanford, CA
Postdoc
1980-1983
Biology

Professional Experience

1983-1989
Assistant Professor of Microbiology and Molecular Genetics, Harvard Medical School


1989-1993
Associate Professor of Microbiology and Molecular Genetics, Harvard Medical School


1994-
Professor of Microbiology and Molecular Genetics, Harvard Medical School

Honors and Awards

1980-1983
Helen Hay Whitney Postdoctoral Fellowship


1983-1985
Charles King Trust Fellowship


1989-1994
American Cancer Society Faculty Research Award


1992
Erskine Visiting Professorship (New Zealand)


1992-1993
Funds for Discovery Award


2000
Fellow, American Academy of Microbiology

Publications from last three years plus selected publications from prior years:
Zambrano, M.M., D.A. Siegele, M. Almirón, A. Tormo, and R. Kolter. 1993.  Microbial competition: Escherichia coli mutants that take over stationary phase cultures.  Science 259:1757-1760.

Siegele, D.A. and R. Kolter.  1993.  Isolation and characterization of an Escherichia coli mutant defective in resuming growth after starvation.  Genes & Dev. 7:2629-2640.

Yorgey, P., J. Lee, J. Kördel, E. Vivas, P. Warner, D. Jebaratnam, and R. Kolter.  1994.  Novel post-translational modifications in microcin B17 define a new class of DNA gyrase inhibitor. Proc. Natl. Acad. Sci. U.S.A. 91:4519-4523. 

Huisman, G. and R. Kolter.  1994.  Sensing starvation: a homoserine lactone dependent signaling pathway in E. coli.  Science 265:537-539.

Babbitt, P.C., G.T. Mrachko, M.S. Hasson, G.W. Huisman, R. Kolter, D. Ringe, G.A. Petsko, G.L. Kenyon, and J.A. Gerlt.  1995.  A functionally diverse enzyme superfamily that abstracts the -protons of carboxylic acids.  Science 267:1159-1161.

Li, Y.M., J.C. Milne, L.L. Madison, R. Kolter, and C.T. Walsh.  1996.  From peptide precursors to oxazole and thiazole-containing peptide antibiotics: microcin B17 synthase.  Science 274:1188-1193.

Grant, R.A., D.J. Filman, S.E. Finkel, R. Kolter and J.M. Hogle.  1998.  The crystal structure of Dps, a ferritin homolog that binds and protects DNA.  Nature Str.Biol. 5:294-303.

O'Toole, G.A. and R. Kolter.  1998.  Initiation of biofilm formation in Pseudomonas fluorescens WCS365 proceed via multiple, convergent signaling pathways: a genetic analysis.  Molec. Microbiol.  28:449-461.

Pratt, L.A. and R. Kolter. 1998.  Genetic Analysis of Escherichia coli  biofilm formation: roles of flagella, motility, and type I pili.  Mol. Microbiol. 285-293.

O'Toole, G.A. and R. Kolter. 1998.  Flagellar and twitching motilities are necessary for Pseudomonas aeruginosa biofilm development.  Mol. Microbiol. 295-304.

Finkel, S. and Kolter, R.  1999.  Evolution of Microbial Diversity During Stationary Phase.  Proc. Natl. Acad. Sci. (USA) 96:4023-4027.

Espinosa-Urgel, M. and Kolter, R.  1999.  A novel system for efficient expression and monitoring of bacteria in aquatic environments.  Env. Microbiol. 1: 175-182.

Watnick, P.I., K.J. Fullner and R. Kolter.  1999.  A role for the mannose-sensitive hemagglutinin in biofilm formation by Vibrio cholerae El Tor.  J. Bacteriol. 181: 3606-3609.

Wolf, S.G., D. Frenkiel, T. Arad, S.E. Finkel, R. Kolter and A. Minsky.  1999.  Biocrystallization: a stress-induced strategy for wide range DNA protection.  Nature 400:83-85.

Zinser, E.R. and R. Kolter.  1999.  Mutations Enhancing Amino Acid Catabolism Confer a Growth Advantage in Stationary Phase.  J. Bacteriol.  181:5800-5807.

Watnick, P.I. and R. Kolter.  1999.  Steps in the development of a Vibrio cholerae El Tor biofilm.  Mol. Microbiol. 34:586-595.

Martínez, A., S. Torello and R. Kolter.  1999.  Sliding motility in Mycobacteria.  J. Bacteriol.  181:7331-7338.

O'Toole, G.A., K.A. Gibbs, P.W. Hager, P.V. Phibbs and R. Kolter.  2000.  The global carbon metabolism regulator Crc is a component of a signal transduction pathway required for biofilm development by Pseudomonas aeruginosa.  J. Bacteriol. 182:425-431.

Goodrich-Blair H., and R. Kolter.  2000.  Homocysteine thiolactone is a positive effector of s levels in Escherichia coli.  FEMS Microbiol. Lett. 185:117-121.

Newman, D.K. and R. Kolter.  2000.  A role for excreted quinones in extracellular electron transfer.  Nature 405:94-97.

Danese, P.N., L.A. Pratt and R. Kolter.  2000.  Exopolysaccharide production is required for development of Escherichia coli K-12 biofilm architecture.  J. Bacteriol. 182:3593-3596.

Recht, J., A. Martínez, S. Torello and R. Kolter.  2000.  Genetic analysis of sliding motility in Mycobacterium smegmatis.  J. Bacteriol.  182:4348-4351.

Zinser, E.R. and R. Kolter.  2000.  Prolonged stationary-phase incubation selects for lrp mutations in Escherichia coli  K-12.  J. Bacteriol.  182:4361-4365.

Danese, P.N., L.A. Pratt, S.L. Dove and R. Kolter.  2000.  The outer membrane protein, Antigen 43, mediates cell-to-cell interactions within Escherichia coli  biofilms.  Molec. Microbiol. 37:424-432.

Watnick, P.I., C.M. Lauriano, K.E. Klose, L. Croal and R. Kolter.  2001.  The absence of a flagellum leads to altered colony morphology, biofilm development and virulence in Vibrio cholerae 0139.  Molec. Microbiol. 39:223-235.

Frenkiel-Krispin, D., S. Levin-Zaidman, E. Shimoni, S.G. Wolf, E.J. Wachtel, T. Arad, S.E. Finkel, R. Kolter, and A. Minsky.  2001.  Regulated phase transitions of bacterial chromatin: a non-enzymatic pathway for generic DNA protection.  EMBO J. 20:1184-1191.

Vulic, M. and R. Kolter.  2001.  Evolutionary cheating in Escherichia coli stationary phase cultures. Genetics. 158:519-26.

Recht, J. and R. Kolter.  2001.  Glycopeptidolipid acetylation affects sliding motility and biofilm formation in Mycobacterium smegmatis.  J. Bacteriol. 183:5718-5724.

Branda S.S., J.E. González-Pastor, S. Ben-Yehuda, R. Losick and R. Kolter.  2001.  Fruiting body formation by Bacillus subtilis.  Proc. Natl. Acad. Sci. (USA)  98:11621–11626.

Finkel, S.E. and R. Kolter.  2001.  DNA as a nutrient: novel role for bacterial competence gene homologs.  J. Bacteriol.  183:6288-6293.

Espinosa-Urgel M, R. Kolter and J.L.  2002.  Root colonization by Pseudomonas putida: love at first sight. Microbiology. 148:341-343

Selected Recent Reviews:
Zambrano, M.M. and R. Kolter.  1996.  GASPing for life in stationary phase.  Cell 86:181-184.

Pratt, L.A. and R. Kolter.  1999.  Genetic analyses of bacterial biofilm formation.  Curr. Op. Microbiol.  2:598-603.

Watnick, P. and R. Kolter. 2000. Biofilm, city of microbes.  J. Bact. 182:2675-2679.

O’Toole, G., H.B Kaplan and R. Kolter.  2000.  Biofilm formation as microbial development. .Annu. Rev. Microbiol. 54:49–79.

Danese, P.N., L.A. Pratt and R. Kolter.  2001.  Biofilm formation as a developmental process.  Meth. Enzymol.  336:19-26




NAME
Martin F. Polz
POSITION TITLE
Assistant Professor

EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing and include postdoctoral training.)
INSTITUTION AND LOCATION
DEGREE

(if applicable)
YEAR(s)
FIELD OF STUDY

University of Vienna

Harvard University

Harvard University


MS

AM

Ph.D.
1991

1995

1997
Zoology

Biology

Microbiology

Professional Experience:

1997
Consultant: Ecosystems Center, Marine Biological Laboratory

1997
Postdoctoral Fellow, Harvard University

1998-present
Assistant Professor, Department of Civil & Environmental Engineering, MIT

Honors and Awards:


2001

Takeda Enterpreneurship Award, Finalist

2000-2002
Doherty Professorship in Ocean Utilization

2000
Visiting Assistant Professor; Peter Wall Institute for Advanced Studies; University of British Columbia, Vancouver

1999-2001
Gilbert Winslow Career Development Chair

1994-1996
Anna Vaughn Foundation Fellowship
Selected Publications:

Polz, M.F., Distel, D.L., Zarda, B., Amann, R., Felbeck, H., Ott, J.A., Cavanaugh, C.M. (1994).   Phylogenetic analysis of a highly specific association between ectosymbiotic, sulfur-oxidizing bacteria and a marine nematode.  Appl. Environ. Microbiol. 60(12): 4461-4467.

Polz, M.F., Cavanaugh, C.M. (1995).  Dominance of one bacterial phylotype at a Mid Atlantic Ridge hydrothermal vent site.  Proc. Natl. Acad. Sci. USA 92: 7232-7236.

Polz, M.F., Cavanaugh, C.M. (1996).  Phylogenetic relationships of the filamentous sulfur-bacterium Thiothrix ramosa  based on 16S rRNA sequence analysis.  Int. J. Syst. Bacteriol. 46(1): 94-96.

Polz. M. F., Cavanaugh, C.M.  (1996).  Ecology of ectosymbiosis at a Mid Atlantic Ridge hydrothermal vent site. in Ubilein, F., Ott, J., Stachowitsch, M. (Eds): Deep-sea and extreme shallow water habitats: affinities and adaptations.  Biosystematics and Ecology Series No. 11: 337-352.

Polz, M.F., Cavanaugh, C.M. (1997).  A simple method for the quantification of not-yet cultivated microorganisms in the environment based on in vitro transcription of 16S rRNA.  Appl. Environ. Microbiol.  63(3): 1028-1033.

Van Dover, C.L., Polz, M.F., Robinson, J., Cavanaugh, C., Kadko, D, Hickey, J. P. (1997).  Predatory anemones at TAG.  BRIDGE 12: 33-34. 

Tay, S.T.-L., Hemond, H.F., Polz, M.F., Cavanaugh, C.M., Krumholz, L.R. (1998).  Characterization of two Toluene degrading mycobacterial isolates from a contaminated freshwater stream.  Appl. Environ. Microbiol. 64(5): 1715-1720.

Polz, M.F., Cavanaugh, C.M. (1998).  Bias in template-to-product ratios in multi-template PCR.  Appl. Environ. Microbiol. 64(10): 3724-3730.

Polz, M.F., Robinson, J., Cavanaugh, C.M, VanDover, C.L.  (1998).  Trophic ecology of the massive aggregations of the hydrothermal vent shrimp Rimicaris exoculata. Limnol. Oceanogr. 43:1631-1638.

Robinson, J.J., Polz, M.F., Fiala-Medioni, A., Cavanaugh, C.M. (1998).  Physiological and immunological evidence for two distinct C1-utilizing pathways in a dual endosymbiotic mussel (family Mytilidae) from the Mid-Atlantic Ridge.  Mar. Biol. 132:625-633.

Tay, S.T.-L., Hemond, H.F., Polz, M.F., Cavanaugh, C.M., Krumholz, L.R. (1999).  Importance of Xanthobacter autotrophicus in toluene biodegradation within a contaminated stream.  Syst. Appl. Microbiol. 22: 113-118.

Polz, M.F., Harbison, C., Cavanaugh, C.M. (1999).  Diversity and heterogeneity of epibiotic bacterial communities on the marine nematode Eubostricus dianae.  Appl Environ. Microbiol.  65(9):4271-4275.

Polz, M.F., Ott, J.A., Bright, M., Cavanaugh, C.M. (2000) When bacteria hitch a ride. ASM News. 66(9):531-539.

Giribet, G., Distel, D. L., Polz, M. F., Sterrer, W., Wheeler, W. C. (2000).  Triploblastic relationships with emphasis on the position of Gnathostomulida, Cycliophora, Plathelminthes, and Chaetognatha; a combined approach of 18S rDNA sequences and morphology.  Syst. Biol. 49(3):539-562.

Tay, S.T.-L, Hemond, H.F., Cavanaugh, C.M., Krumholz, L.R., Polz, M.F. (2001).  Population dynamics of toluene degrading bacterial species in a contaminated stream assessed by quantitative PCR. Microb. Ecol. 41:124-131.

Kuai, L., Nair, A., Polz, M.F. (2001). A rapid and simple MPN technique for the enumeration of dissimilatory arsenic reducing bacteria.  Appl Environ. Microbiol. 67(7):3168-3173.

Lim, E., Tomita, A. Thilly, W., Polz, M.F.  (2001) Combination of competitive quantitative PCR and constant dentaturant capillary electrophoresis for high resolution detection and enumeration of microbial cells.  Appl. Environ. Microbiol. 67(9):3897-3903.

Oates, P.M., Shanahan, P. Polz, M.F. Solar disinfection (SODIS): simulation of solar radiation for global assessment and application for point-of-use water treatment in Haiti.  Water Res. In Press.

Thompson, J., Marcelino, L., Polz, M.F. Heteroduplexes in mixed-template amplifications: formation, consequence and elimination by ‘reconditioning PCR’. Nucleic Acids Res. In Press.
Curriculum Vitae – Michael T. Laub

Birthdate January 5, 1976   Toronto, Canada US Citizen

Education

1997-2002
Stanford University (Palo Alto, CA)




Ph.D., Developmental Biology

Advisor:  Lucy Shapiro

1993-1997 University of California, San Diego (La Jolla, CA)

B.S., Molecular Biology

Research Experience

Independent Research Fellow (2002-present)


Harvard University, Bauer Center for Genomics Research

Graduate Student  (1997-2002)

Stanford University, Department of Developmental Biology

Advisor:  Lucy Shapiro

Thesis:  “Genomic Analysis of the Genetic Network Controlling Cell Cycle Progression in Caulobacter crescentus”
Research Assistant (1996-1997)

University of California, San Diego, Department of Biology

Advisor:  William F. Loomis

“Identification and characterization of a novel gene, tipC, required for Dictyostelium development” & “A differential equation model of cAMP oscillations and aggregation in Dictyostelium”
Research Assistant (1995-1997)

University of California, San Diego, Department of Biology

Advisor:  Douglas W. Smith

Development of bioinformatic tools for the identification of intron-exon junctions
Fellowships, Honors

1997-2002 Howard Hughes Predoctoral Fellowship Recipient

1997-2000
Stanford Presidential Graduate Fellowship Recipient

1997 NSF Predoctoral Fellowship Awarded

1997

Graduated Magna Cum Laude, Highest Honors in Biology, UCSD

1996

Phi Beta Kappa

1995-1997
Barry Goldwater Scholarship Recipient
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FACILITIES AND RESOURCES

Church Lab/ Lipper Center Facilities and Resources: 

       The Harvard/MIT/BU intellectual environment is excellent for multidisciplinary, collaborative and functional genomics research. The Church Laboratory provides some of the glue with students from all three universities and a location in three adjacent buildings at the heart of the HMS campus: 1) The Alpert Building is home to the Genetics department. 2) The Seeley-Mudd Building is home to the Harvard Institute of Proteomics (HIP), the Harvard Institute of Chemistry and Cell Biology (ICCB), and the Lipper Center for Computational Genetics.  3) The Thorn Building of the BW Hospital Genomics & Bioinformatics Center. Harvard has recently made considerable endowment commitments to the above and the University-wide Center for Genomics Research. We work closely with our departmental Biopolymers facility, which has a staff of five, departmental computer facility with a staff of four.  We have direct computer network and CAD links to the HMS machine shop, which coordinates with several other university and commercial machining and design facilities.  Other resources include:

2 Affymetrix Chip Scanners (HP & MD) and fluidics stations

1 Microarrayer prototype (Anorad stages),150 slide capacity, 16 piezoheads (GeSim)  

1 microarray scanner (General Scanning 5000)

1  Automated DNA and protein sequencers, synthesizers and related items

   (ABI 3700, 377, 373S, 391, 1000S, 394, 380B, 270A, 477A, 430A, 420A, 130A)

1  FPLC and Phast systems (Pharmacia)

1 LCQ HPLC-MSn Ion Trap mass spectrometer (Finnigan)

1  Storm Fluorimager with 29 exposure plates ( Molecular Dynamics)

Numerous PCR machines with 96, 384-well, and slide heads (MJR)

1  Microfluidics development platform (Caliper)

5  -20 C freezers and  two -80 freezers

7  low-speed centrifuges and ultra-centrifuges (IEC, Sorvall, Beckmann)

2  Oscilloscopes and 2 electrophysiological amplifiers 70 femtoamp rms (Axon)

1  micropipette puller and microforge (Narishige)

5  high voltage (500V to 6000V) power supplies (Biorad and EC)

2  Ultra-thin gel  Direct Transfer Electrophoresis (HMS shop, Cykal)

1  96-pin array oligonucleotide synthesizer Primer Station 960 (IAS & HMS)

3  electrotransfer devices (Polytech)

1  pulsed-field CHEF boxes (Genplex)

1  UV crosslinker (HMS shop)

1  Capillary array electrophoresis prototype (HMS shop)

1  Laser-induced fluorescent 4-color capillary electrophoresis (ABI 310)

2 DEC alpha fileservers running Ultrix

1 dual Intel PII, RAID level 5 based Linux fileserver

15 computers running under WinNT, 10 Linux, 6 Linux&NT, 5 MacOS 

1 Silicon Graphics Octane computer

1 Linux Celeron Cluster (Beowulf-type) for parallel & associative processing

1 Terabyte tape jukebox server running Arkeia

1 Confocal Microscope (Biorad)

1  Automatic film processor

1 Bioflo 3000 mammalian and microbial cell culture chemostat (New Brunswick)

1 EPICS ALTRA flow sorter with Autoclone multiwell plates option (Beckman-Coulter)
Chisholm and Polz Facilities, Equipment, And Other Resources

The Polz and Chishom labs have available standard instruments required for studying and culturing bacteria and phytoplankton as well as for molecular biology, including walk-in temperature controlled incubators, highly accurate water baths, anaerobic  glove box, autoclaves, fluorometers, spectrophotometer, -80 Freezer, slot blotting systems, hybridization ovens, Stratagene Eagle Eye gel quantification system for analysis of restriction fragment patterns, and a Strategene Robocycler PCR machine.  We also have:

· A Becton Dickinson FACScan Flow cytometer specially adapted for high sensitivity analyses of Prochlorococcus for routing culture monitoring, and a Coulter Epics (model 753) flow cytometer equipped with two lasers (488 nm and UV).   

· The basic tools required for molecular biology including: PCR machines, gel boxes and power supplies, etc. 
· An HPLC (Beckman System Gold) with dual pump solvent module, diode array detector and autosampler for pigment analysis.

· A Roche Light-Cycler Q-PCR Machine

· A phosphor imager (Cyclone Storage Phosphor System, Packard) for quantification of radioisotopes in hybridizations.

· Liquid scintillation counter for quantification of radioisotopes.

· A plasmid preper (MacConnell Research Corp., San Diego, CA) which is capable of generating 24 sequence quality template preps directly from liquid cultures in an hour.  

· A Perkin Elmer ABI 310 capillary sequencer.

· Constant Denaturant Capillary Electrophoresis System for high-resolution separation and quantification of sequence variants.

· Epifluorescence microscope (Zeiss axioscope) equipped with CCD camera (Optronics) for quantification of in situ hybridization and in situ amplification.

MIT also maintains a fully equipped DNA microarray facility, sequencing facilities and flow cytometry facilities, all of which are available to us.  Furthermore, the Polz lab has full access to the sequencing facility maintained by the Marine Biological Laboratory (MBL).

CURRENT AND PENDING SUPPORT

George Church    Current Research Support

DE-FG02-87ER60565 (P.I., G. Church)                                         12/15/99 – 11/14/02

Department of Energy-DOE

Genomic Sequence Comparisons

 This project is to develop new DNA sequencing and RNA Quantitation methods 



 n/a (P.I., G. Church)                                                                      10/01/97 – 09/30/02

Lipper Foundation

Lipper Center for Computational Genetics

This supports general bioinformatics infrastructure and salaries



N00014-99-1-0783 (P.I., G. Church)                                               05/01/99 - 04/30/02


NSF and ONR

Insilico analysis of the Escherichia coli metabolic genotype and the construction of 

selected isogenic strains

Our portion of this is the application of new methods to create in-frame deletions to test key 

hypotheses coming from the flux-balance optimization models.



RFA HL-99-024 (P.I., Brian Seed Prime).; Sub P.I., G. Church)     09/30/01 - 09/29/05

NIH  

Genomic Analysis of Stress Inflammation

Our role in this large collaboration is providing experience in microarry synthesis and 

bioinformatics analysis specifically for mammalian stress response.






RFA HL-99-024  (P.I., Seigo Izumo); Sub P.I., G Church)              09/30/01 - 09/29/05

NIH   

Functional Genomics of the Heart in Normal and Disease States

Our role in this large collaboration is providing experience in microarray synthesis 

and bioinformatics analysis specifically for mammalian cardiovascular human studies and model systems.





n/a  (P.I. G. Church.)                                                                      08/01/01 – 07/31/04

DARPA

DNA Memory I/O

George Church    Pending Research Support
n/a (P.I.,R.Tompkins Prime); Sub PI G.Church.)                                       09/01/01 – 08/31/06

NIH

Inflammation and the Host Response to injury

(This has been awarded – funds are not available at this time)



n/a (P.I.,Frank McKean Prime)Sub PI G. Church) 

NIH  DHHS

Genomic and Proteomic Strategies for Understanding p63 Function in Epithelial Stem Cells



n/a (P.I. B. Palsson Prime), Sub PI G. Church)                                         07/01/02 - 06/30/07


NIH/BRP

Genome-scale Model of Metabolism and Regulation in Yeast



n/a (P.I. Dale Larson Prime).; Sub P.I., G. Church)                                   07/01/02 - 06/30/07

SPEI  

Development of an unlabeled macromolecule detector



n/a (P.I., Wing Wong); Sub P.I., G Church)                                              04/01/02 - 03/3105

NIH   

Center for Computational Study of Biological Systems

SALLIE W. CHISHOLM   Current Support

DOE  (MIT is subcontractor on award to U. California Berkeley/LBNL)

Establishment of Centers for Research on Carbon Sequestration in the Terrestrial Biosphere and the Oceans

$203,931

07/01/99 – 06/30/02

NSF

Regulation of Population Dynamics of Prochlorococcus and Synechococcus Ecotypes in Diverse Oceanic Ecosystems

$980,000

04/01/99 – 03/31/04

DOE

The Complete Genome Sequence of Prochlorococcus
$150,000

08/01/99 – 09/13/02

NSF

Southern Ocean Iron Experiment (SOFeX):  Mesoscale Iron Fertilization Effects on Plankton Community Structure, Growth and Zooplankton Grazing

$179,020

07/15/01 – 06/30/04

NSF

SGER:  Construction of a Whole Genome Micro-Array for the Marine Cyanobacterium Prochlorococcus

$96,196

03/01/01 – 02/28/03

US-Israel Binational Science Foundation

Nitrate Utilization by Prochlorococcus

$24,795

09/01/00 – 08/31/02

SALLIE W. CHISHOLM  Pending Support
NSF

Collaborative Research:  Metal-Phytoplankton Interactions Across Large Redox Gradients in the Chilean Coastal Upwelling System

$460,120

09/01/02 – 08/31/05

NSF

Genome Diversity and Evolution in Populations of the Marine Cyanobacterium Prochlorococcus

$1,829,108 (with 2 other Co-PIs)

09/01/02 – 09/30/05

Current and Pending Support

Investigator: Martin F. Polz




Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Environmental Marine Biotechnology: Development of DNA



microarrays as sensors for diverse marine pathogens in the environment

Source of Support:  NOAA




Total Award Amount:  $300,000

Total Award Period Covered: 7/1/00-6/31/02



Location of Project:  MIT




Person-Months Per Year Committed to the Project.


Cal: 
Acad: 
Sumr:  1



Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Microecology of the murine gut: its role in initiation and progression



of IBD

Source of Support:  NIH




Total Award Amount:  $1,655,000

Total Award Period Covered: 3/1/02-2/28/07



Location of Project:  MIT; Polz Co-PI




Person-Months Per Year Committed to the Project.


Cal: 
Acad: 
Sumr:  

Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Regulation of Population Dynamics of Prochlorococcus and Synechococcus



Ecotypes in Diverse Oceanic Ecosystems

Source of Support: NSF (Note: this is a Special Creativity Extension proposal) 




Total Award Amount:  $400,000

Total Award Period Covered: 04/01/02-03/31/04



Location of Project:  MIT, Chisholm and Polz





Person-Months Per Year Committed to the Project.


Cal: 
Acad: 1.5
Sumr:  

Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Mechanistic determination of plutonium reduction by bacteria





Source of Support:  DOE NABIR




Total Award Amount:  $702,892

Total Award Period Covered: 



Location of Project:  MIT, Polz Co-PI




Person-Months Per Year Committed to the Project.


Cal: 
Acad: 
Sumr:  1

Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Biocomplexity:  Mixing Time Scale Drives Biogeochemical Coupling and



Microbial Community Diversity

Source of Support:  NSF (w/4 co-PI's)




Total Award Amount:  $1,998,750

Total Award Period Covered: 10/1/02 -9/30/07



Location of Project:  MIT




Person-Months Per Year Committed to the Project.


Cal: 
Acad: 
Sumr:  1

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

NSF Form 1239 (10/98)
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Current and Pending Support

Investigator: Martin Polz




Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Genome Diversity and Evolution in Populations of the Marine



Cyanobacterium Prochlorococcus

Source of Support:  NSF





Total Award Amount:  $1,829,108

Total Award Period Covered: 09/01/02 - 09/30/05



Location of Project:  MIT (w/ 2 other co-PI's)




Person-Months Per Year Committed to the Project.


Cal: 
Acad: 
Sumr:  1



Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 










Project/Proposal Title:




Towards environmental genomics: Can we estimate bacterial diversity in the Ocean?





Source of Support:  NSF




Total Award Amount:  $388,868

Total Award Period Covered: 08/01/02-07/31/05



Location of Project:  MIT




Person-Months Per Year Committed to the Project.


Cal: 
Acad: 
Sumr:  0.5

Support:
 FORMCHECKBOX 
 Current 
 FORMCHECKBOX 
 Pending 
 FORMCHECKBOX 
 Submission Planned in Near Future 
 FORMCHECKBOX 
 *Transfer of Support 
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*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.

Additional Budget Clarifications

The Affymetrix microarray numbers and justifications:

For the Caulobacter and Pseudomonas genomes:  $20K per 39,600 oligo chip

design. Then $250 per chip with a minimum of 540 chips. The per chip costs

will be spread out over the 5 years.  The Pseudomonas design will be

selected to supplement the current high-density arrays for PA01 to extend

it to other ecotypes. The current resolution is 18 microns center-to-center.

Prochlorococcus: $200K per 500,000 oligo chip design and $350 per chip.

These will be made available to the community at cost.  The per chip costs

will be spread out over the 5 years. These chips will be designed to

handle all three types of analyses requiring high-resolution on which we have published recently: RNAs (Selinger et al. 2000*), DNA-protein crosslinking/location (Laub et al. 2002*), and TRansposon library Array Selection Hybridization (Sassett et al. 2001; Badarinarayana 2001*)
SPECIAL INFORMATION AND SUPPLEMENTARY DOCUMENTATION

PROPRIETARY INFORMATION: None

APPENDICES & PREPRINTS INDEXED BY FIRST AUTHOR

The Annotation Effort for the Marine Cyanobacteria

Prochlorococcus and Synechococcus

Coordinated by:

 Gabrielle Rocap, Frank Larimer, Brian Palenik, Penny Chisholm

Overview:   
To further curate the DOE-JGI cyanobacterial genomes in preparation for publication, we have set up teams of people to go throught the genomes systematically to inform the calls that have been made to date base on our knowledge of the biology of these organisms.   This effort is underway, with a target date for completion of mid summer.  If all goes well, papers will be drafted early next fall, and the genomes will be published next year.  What follows is a brief summary of the instructions to the Annotation teams.

Prochlorococcus MED4 & MIT 9313 and Synechococcus WH 8102

Annotation Teams

ORNL


Frank Larimer


fwl@ornl.gov




Loren Hauser


hauserlj@ornl.gov




Miriam Land


landml@ornl.gov

MIT


Penny Chisholm


chisholm@mit.edu




Zackary Johnson


zij@mit.edu

Debbie Lindell


dlindell@mit.edu

Matt Sullivan


mbsulli@mit.edu
Stephanie Shaw


slshaw@mit.edu

Claire Ting


cting@mit.edu
Andy Tolonen


tolonen@mit.edu

Erik Zinser


zinser@mit.edu

Humboldt University
Wolfgang Hess


wolfgang=hess@biologie.hu-berlin.de



Claudia Steglich


claudia=steglich@biologie.hu-berlin.de
Hebrew University
Anton Post


anton.post@huji.ac.il

LLNL


Patrick Chain


chain2@llnl.gov

SIO


Brain Palenik


bpalenik@ucsd.edu

Bianca Brahamsha

bbrahamsha@ucsd.edu




Jay McCarren


jwmccarr@ucsd.edu

SB Roscoff

Fred Partensky


partensky@sb-roscoff.fr




Alexis Dufresne


dufresne@sb-roscoff.fr

TIGR


Ian Paulsen


ipaulsen@tigr.org

UW


Gabrielle Rocap


rocap@ocean.washington.edu




Nathan Ahlgren


nahlgren@ocean.washington.edu

WHOI


John Waterbury


jwaterbury@whoi.edu




Eric Webb


ewebb@whoi.edu

Annotation Assignments organized by functional category (Cyanobase categories)

Numbers indicate number of genes assigned by ORNL for MED4/MIT 9313/ WH 8102

Amino acid biosynthesis   320/424/575


Aromatic amino acid family--Johnson


Aspartate family--Shaw


Branched chain family--Tolonen


Glutamate family--Post


Serine family--Ahlgren

Biosynthesis of cofactors, prosthetic groups, and carriers 84/100/100

Webb, Waterbury, Steglich

Cell envelope 28/36/26

Paulsen, Brahamsha, McCarren

Cellular processes  35/42/46


Hess, Tolonen

Central intermediary metabolism 47/47/54


Zinser, Post

Energy metabolism 49/56/61


Zinser, Chain

Fatty acid, phospholipid and sterol metabolism 26/24/29


Rocap, Chain

Photosynthesis and respiration 69/71/98


Hess, Partensky, Dufresne, Ting

Purines, pyrimidines, nucleosides, and nucleotides 47/45/41


Brahamsha, McCarren, Ting

Regulatory functions 30/43/42


Palenik, Zinser

DNA replication, restriction, modification, recombination, and repair 32/39/38


Hess, Sullivan

Transcription 18/25/29


Palenik, Brahamsha, Tolonen

Translation 126/129/130


Rocap, Lindell

Transport and binding proteins 12/15/21


Paulsen, Palenik

Other categories 217/276/314

Hypothetical 117/257/244

Cons. Hypothetical  437/622/675

Small non-coding RNAs—Hess

rRNAs Rocap

IS elements, repeats Sullivan

GETTING THE SOFTWARE

Requirements

You need a computer with sufficient memory (more is better, I suggest 512 Mb RAM or greater), internet connection, recent java version, downloaded software (Artemis and ACT), downloaded files (genome files and comparison files).   Most of the instructions below are geared towards PC users.  Mac & Unix aficionados can find suitable instructions/downloads for their systems at the Sanger software sites.  Also remember if using Netscape it may be necessary to shift-click when downloading to get the software to download correctly.

Java  In order to run Artemis or ACT or your system you will need to have java installed. The latest java runtime environment for windows can be found at  http://java.sun.com/j2se/1.3/jre/download-windows.html and the Artemis page has updated links for Mac and Unix systems under System requirements.  The JRE needs to be unpacked and executed.

Artemis  

The most current version of Artemis is release 4 http://www.sanger.ac.uk/Software/Artemis/
The artemis manual is here: http://www.sanger.ac.uk/Software/Artemis/stable/manual/
ACT

The Artemis Comparison tool gives you the ability to look at multiple genomes.

ACT can be found at http://www.sanger.ac.uk/Software/ACT/
The first release is what we used at the jamboree and has limited functionality, other than to display the regions of high similarity between two genomes.  Instead, look under the Development section and download the beta release of the newer version (under the link available for Microsoft Windows).  

The original ACT manual is here: http://www.sanger.ac.uk/Software/ACT/manual/
And the current release manual is here: http://www.sanger.ac.uk/Software/ACT/current_manual/act_manual.html
Genome Files
The Artemis/ACT ready sequence files for each of three genomes can be obtained at the ORNL web sites.

For MED4                  http://genome.ornl.gov/microbial/pmar_med/1
For MIT 9313            http://genome.ornl.gov/microbial/pmar_mit/18oct01
For WH 8102            http://genome.ornl.gov/microbial/syn_wh/01aug01
These pages are password protected, but you should all have a username and password that will let you in.  If not, let us know.

Using the ORNL genome pages

A variety of helpful analyses/functions are available from the main genome pages.  Here are some of the most useful features and some tips for navigating in between them.

MODELED GENES ORGANIZED BY:

Metabolic Pathway  Click on a variety of metabolic processes to see detailed pathway sub-maps.  These maps are based on those at KEGG and use EC numbers to categorize the enzymes that catalyze each reaction.  For Prochlorococcus the Enzyme Catalog references were obtained by parsing the BLAST vs NR results for the highest scoring hit with an EC number.  So each ORF with a good hit to a protein with an EC has been placed on the map.
The map shows the entire reference pathway with the substrates and the enzymes that carry them out.  Clicking on any of the boxed EC numbers will open a new window showing the EC number, name, function, reaction etc...  The enzymes present in the Prochlorococcus genome are indicated in pink.  At the bottom of the map is a list of all the EC numbers for that map for which a homolog was identified in Prochlorococcus, and the corresponding gene ID (or number), clicking on these will take you directly to that gene page.  Another handy feature is the ability to look at the specific gene complement of each pathway in another organism (Synechocystis, for example.  Do this by changing the pull down menu at the top of the page from the default “Reference Pathway” to a specific organism, this will open a new window and the pathway will appear with the enzymes present in that organism highlighted in green.  

Functional Category  These functional categories are organized based on those at KEGG, but provide only a place not to start, not an all-inclusive list of ORFS which may fall into that category.

Contig  This lists all the genes by location on the chromosome, useful if you have a location from a blast output and want to get to the genes in that area.  At the bottom of this page is a link to go directly to a gene edit page by typing the or#.  Clicking on the base pair range desired generates a table with all the genes in that range and their best blast hit.  From here you can easily go to a specific gene page.

COG functional Group  COG stands for Cluster of Orthologous Groups of proteins.  They consist of proteins in sequenced genomes that are reciprocal best hits (if protein 1 in genome A has as its best hit protein 2 in genome B and vice versa, then protein 1 and 2 form a COG).  Thus, a member of a COG will be more similar to other members of the COG than to any other protein from the compared genomes, even if the absolute similarity is low.  The use of the best-hit rule, rather than an arbitrarily-chosen statistical cut-off, accommodates both slow- and fast-evolving proteins.  Because members of a COG are reciprocal best hits, they are assumed to have evolved from a common ancestral protein and have the same or related functions.  
The COGs are divided into groups based on function.  On the Prochlorococcus pages clicking on a particular function generates a table of genes with hits to COGs within that function.  You can click on the gene IDs to go the gene page, or you can click on the COG ID to learn more about the protein family, and which organisms it is present in.  These are noted using a one-letter code, which can be found at http://www.ncbi.nlm.nih.gov/COG/COGhelp.html#h_phylogenetic_patterns
Synechocystis is the only cyanobacterium in presently in COGs, its one letter code is C.  You can also download alignments of the proteins in a COG.

OTHER PAGES

Blast  You can enter either a nucleotide sequence (select method=blastn) or an amino acid sequence (select method=tblastn) in the query window.  You can also choose to blast any of the three genomes, no matter which genome you were browsing before you got to the blast page.  This is a convenient feature, but make sure you are blasting the genome you think you are—(You can see at the top of the Blast search result page which database was searched against).

When you get your blast results, they won’t be linked directly to a specifically called ORF, but the numbered location on the genome will be shown.  Using the base pair numbers from the blast you can go directly to this site if have the genome open in Artemis/ACT by using the “goto base” function of Navigator.  Or, on the web site you can go to the list of genes organized in genome order (Modeled genes organized by Contig, in the upper left of the home page) to find out if there is a called ORF or not in that region.

Gene pages:

Each modeled gene has its own page which lists the following information:

The results from the gene finders with the strand, position, and start codon called by the three gene modelers.  (See the annotation section for notes on the three gene modelers.)

The best BLAST hit.  

PFAM, COG, KEGG hits if applicable (see Links section for more info).

Finally the deduced mRNA and protein sequences.

Gene edit pages:

These are the pages we will be using for the community annotation.  If you have arrived at the gene page for any particular gene via the metabolic maps, or functional category pages you can edit that gene by following the link at the top (Edit theMED4 genes) which will take you to the edit page for that gene.  Alternatively, you can go directly to a gene edit page from the bottom of the “Modeled genes organized by Contig” page if you know the gene # you would like to edit.  To get to the edit pages you will have to enter your user name again.  This way any edits you make are linked to your name.  Don’t worry, you will not be overwriting the automated annotation, merely adding your suggested changes to it.  This will allow others to view the original output and your edits and add their input as well, which will then also be visible to everyone etc….

The edit pages have much of the information of the gene pages as well as some additional categories.

Gene label  This is the or number.  Be aware that these are not final.  As we expect we may add and delete genes during the annotation process, there will be a renumbering of three genomes before the final GenBank submission.  When this happens Frank will generate a translation table for our use to convert from the working to the final or numbers.  Note that the current numbers were assigned before the three genomes were circularly permuted to start with dnaN, thus dnaN is not gene or0001, which it probably will be ultimately.

Gene name  symbol of the gene corresponding to a sequence region, (ie.  psbA)
EC number  Enzyme Commission number for enzyme product of sequence
Evidence    value indicating the nature of supporting evidence, distinguishing between experimentally determined and theoretically derived data.  experimental indicates that the feature identification or assignment is supported by direct experimental evidence; not experimental indicates that the data for the feature are derived (eg  by sequence homology)

Category this also affects the color of the orf as seen in Artemis

Location location on genome

Product  name of a product encoded by a sequence, this is typically a one or two word description ie product="catalase"
Protein Translation  This is automatically generated based on the sequence

Supporting Evidence
 This box contains more or less the same information as on the gene pages including (if applicable) the gene model used for the ORF location, the locations defined by the other two gene modelers, the best BLAST hit in Gen Bank, the top hit in KEGG and category, the PFAM family, the COG best hit, InterPro reference numbers, Cyanobase categories.

There are several other fields which have not been filled in by the automated annotation but are available for us to use.

Citation  used to indicate the citation providing the claim of and/or evidence for a feature.  Type in the full reference here and they will be collated and given a number at the end.
Notes Field can be any comment or additional information.  This is part of the GenBank submission, for internal communication use the Comments field

Function  function attributed to a sequence, in contrast to Product this can be a more free form field as in function="essential for recognition of cofactor" 
function is used when the gene name and/or product name do not convey the function attributable to a sequence
Comments—NOT a part of the GenBank submission, use this field for information or justifications which may be useful to your fellow annotators.  Also use this field if you have reviewed a gene and agree with automated calls (i.e. if you have nothing to edit).  Simply type reviewed in the comment box.  This way we can keep track of which genes have been looked at by a human.
ANNOTATION

The computerized annotation, which relies heavily on similarity to genes in other organisms is an excellent starting place for discovering the gene complement of Prochlorococcus.  But there are some areas where the best blast hit may not be the right call or may not make sense in this organism.  There are also some details that the automated pipeline may not have gotten exactly right.  Finally, the computerized annotation does not tell us what each Blast hit means in terms of how Prochlorococcus experiences it environment.

So you can think of the human annotation phase as serving two functions, one is to help improve the automated annotation and the second is to have a formalized way of looking at the automated annotation to see what the genomes are telling us about these three strains.

THE SMALL PICTURE:

The automated criteria are as follows

Definitive assignment:
Identity >=50% for 80% of the length of the query

Putative assignment:
Identity >=30% but <50% for 80% of the length of the query 

Possible family assignment: Similarity >=30% for 60% of the length of the query

Best hit is a hypothetical: call it "conserved hypothetical"

No Blast hit, but a Pfam or COGs assignment: possible "xyz"

No hits at all: call it "hypothetical"

Particular things to edit

· gene model detail—the start and stop of each ORF.  Most gene callers are pretty good at finding general coding regions, but the correct start can be trickier.  You can easily see all potential alternative start codons in Artemis by using show start codon.  Here are some notes about the gene modelers used and how they work:
Generation (ORNL) uses predominantly 6-mer statistics to recognize coding regions; it uses a proximity rule-based start call with ATG and GTG as potential starts. 

Glimmer uses interpolated Markov models (IMMs) to identify the coding regions; it uses ATG, GTG, and TTG as potential starts. 

Critica (v1.05) uses blastn to produce alignments from the entire dataset and derives dicodon statistics to recognize coding sequences. It uses an SD sensor with ATG, GTG, and TTG as potential starts.

The Generation and Glimmer training set selected consisted of non-overlapping orfs greater than 900bp in length. Some orfs with "non-standard" start (and stop) codons will (rarely) be found. These are due to 1) sequence ambiguity, 2) orfs that run off the end of a contig or 3) orfs with high coding scores but no candidate start codon. These orfs need to be examined with care.

All three gene modeling programs were run using default settings that permit overlapping genes.  Overlapping genes are not a biological impossibility, but these areas also need to be examined with care.

One way to check the start codon might be to blast the orf in genbank.  The blast results give a very nice graphical output (if you blast at the NCBI homepage rather than the local ORNL blast) where you can exactly where along the orf the homology to other genes lies (and how strong the homology is, via the color coding of the bars).  If there is no/very little homology in the early part of the gene, you may want to consider alternative start codons.  To take this approach a step further, you could examine the orf along several of the best hits in an alignment viewer (such as Bioedit-see links page) to see in great detail which start might be most homologous to previously determined ones.

· product assignment

Do you agree with the product assignment?  Should a more precise or different assignment be made?  Is the product assignment consistent in the three strains?

· functional assignment

Can you add a function? (add it to all three strains, if applicable) 

· gene name

Is the gene name as taken from the best KEGG hit the right one to use in Prochlorococcus?  Is there no gene name and you can add one?

Is the gene name consistent in the three strains?

· deletion and insertion of genes

Are there small genes (HLIPs…) which may have been missed by the gene callers?  Are there completely overlapping calls where one gene has a good hit and the other is a unique hypothetical and may be bogus?  Are there large (a few kb) stretches on the genome with no stop codons (you can visualize this in Artemis) where no gene is called?  

· comment 
You should make a comment each time you edit a gene.  Provide a short (1 sentence) justification for the change you made (e.g. “Added gene name from best blast hit” or “Moved start codon to increase similarity with MED4”).  If you think the automated annotation is fine then simply write “reviewed” as a comment.  (Note, we may make a check box on the edit pages to remind you to make the reviewed comment, until then type it yourself in the comment field).  This is really important so we can keep an eye on which genes have been examined and which haven’t.

THE BIG PICTURE:

We are trying to get a sense of the capabilities of these two strains, how they are similar, how they are different, how the genes they possess or lack may influence their distribution in the environment.  So your assignment is to examine all of the details of the genes in your functional area as outlined above, but also to synthesize an overview of what the gene complement in this area may mean.

For example, does Prochlorococcus have a functional pathway for the synthesis of XYZ?  If not, are all/most of the genes missing or just one?  If the latter can you find homologs of that gene that may not have been identified and mapped by the automated annotation or another gene that may carry out that function? 

Second because we are looking at the two genomes, an overriding theme to the paper will be the comparison between the two.  Does one genome possess capabilities the other does not?  Can you find specific instances of operon minimization or expansion?  How many genes are there in the two genomes for your functional area?  Are the genes unique to one strain duplications of genes common to both or are they involved in additional functions?

Getting Started

Given all the tools we have at our disposal, you can approach the annotation from several angles—here are some starter ideas--you will probably end up using most of these in some combination. 

For categories where there is a metabolic map generated this is a great way to start—you can go directly to the genes already found in each pathway to check the model details, and you can look to see if there any reactions for which no gene has been found yet that you should search for.

To see what has been categorized in your area in Prochlorococcus, you can select all of the genes in a specific category (colour) in Artemis by using the Feature Selector function in the select menu.  Check the Key =CDS box, and the qualifier box, use the pull down menu to change the qualifier to colour and type in the number of your color category.  All the features of that color will be selected, you can view a list using the view button in the feature selector—from this window you can save them to separate file (Write menu).

You can look at the modeled genes by functional category pages on the ORNL web site to get some genes in sorted lists.  These are organized based on KEGG categories not Cyanobase categories, but you should be able to find the pages that roughly correspond to your area.

You can go to Cyanobase and see all the genes in your area found in Synechocystis.  Are all of these on your list for Prochlorococcus? If not why not? Are they really there in the genome but miscategorized? Are they missing completely?  What does that imply?  Are there genes in Prochlorococcus that are not in Synechocystis?
Compare the genes in your area in all three genomes.  For those that are in all three, make sure the annotation is consistent.  For those that are not—think about the same questions as above for Synechocystis.
Other Web sites which may be useful

NCBI-for blasting against GenBank

http://www.ncbi.nlm.nih.gov/BLAST/
Bioedit A freely available user friendly windows based program for aligning sequences

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
Cyanobase-genome web page for Synechocystis PCC 6803 and Anabaena
The genome categories are organized a bit differently than the KEGG ones, it may be a useful exercise to find your functional assignment at Cyanobase and compare the gene complement of Synechocystis to homologs in Prochlorococcus

http://www.kazusa.or.jp/cyano/
The Genome Channel at ORNL 

Another collection of published completed genome sequences and annotation

http://compbio.ornl.gov/channel
TIGR Comprehensive Microbial Resource

A collection of completed microbial genome sequences offering both the published annotation and annotation as done by TIGR’s automated pipeline.  Can do a variety of searches for a specific gene across multiple genomes

http://www.tigr.org/tigr-scripts/CMR2/CMRHomePage.sp
EC numbers  A system of categorizing enzymes by the reactions that they catalyze (note, this is not necessarily always related to the structures of the proteins that catalyze them—two non homologous proteins able to catalyze the same reaction will have the same EC number).  EC numbers are used to generate the metabolic maps found at KEGG and on the Prochlorococcus pages.  The best listing/explanation of the categorization of enzymes is at the IUBMB enzyme nomenclature site:
http://www.chem.qmul.ac.uk/iupac/jcbn/#6
KEGG, the Kyoto Encyclopedia of Genes and Genomes

See metabolic pathway maps of many published microbial genomes, to compare with the ones generated for Prochlorococcus 

http://www.kegg.com/
InterPro  An integrated way to search multiple commonly used databases (including Swiss-Prot, Prosite, Pfam, TigrFAM) for protein families, motifs and fingerprints.  You can do text or sequence-based searches.
http://www.ebi.ac.uk/interpro/
PFAM  A large collection of multiple sequence alignments and hidden Markov models covering many common protein domains.
http://www.sanger.ac.uk/Software/Pfam/
COGs  Clusters of Orthologous groups of proteins generated by comparing protein sequences from 44 complete genomes.  The proteins that comprise each COG are assumed to have evolved from an ancestral protein, and are therefore either orthologs or paralogs.  Orthologs are proteins from different species that evolved by vertical descent (speciation), and typically retain the same function as the original.  Paralogs are proteins from within a given species that are derived from gene duplication, and may evolve new functions that are related to the original.  
http://www.ncbi.nlm.nih.gov/COG/
� EMBED Photoshop.Image.4 \s ���





� EMBED Photoshop.Image.4 \s ���





� EMBED Photoshop.Image.4 \s ���








� EMBED Photoshop.Image.4 \s ���








� EMBED Photoshop.Image.4 \s ���





� EMBED Photoshop.Image.4 \s ���





� EMBED Word.Picture.8  ��� 


Figure 3c.    Summary of the hypothesized evolutionary deletion of genes involved in N-metabolism in the cyanobacteria Synechococcus 8102, Prochlorococcus MIT9313, and Prochlorococcus MED4, deduced from whole genome analyses of the three strains.   narB and nirA are the genes for nitrate and nitrite reductase respectively, which are necessary for utilizing these substrates.    The whole genome comparisons show that this is a result of two deletion events over the course of evolution of these organisms, in which first the narB gene, and then the nirA gene, were lost, resulting in the loss of these  functions (Post et al   unpubl.).   
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Figure 3b.  Full length alignment of the HL Pro MED4 genomic sequence (top) and LL Pro MIT9313 sequence (bottom). Lines link sequences having BLASTN scores >999 (Courtesy of F. Larimer, ORNL)








Table 3a. Whole genome comparisons of Prochlorococcus MIT9313 and MED4.  (Courtesy of Frank Larimer et al, ORNL)


�
MED 4�
MIT9313�
�
General Features�
�
�
�
Genome size�
1,657,995 bp�
2,404,274 bp�
�
% GC content�
30.79%�
50.74%�
�
% protein encoding�
87.7%�
88.7%�
�
# tRNAs�
37 �
41 �
�
# protein encoding genes models�
1689�
2195�
�
BLASTP hits in GenBank�
�
�
�
        #of genes�
1255�
1637�
�
        % of genes�
74%�
75%�
�
% of genes encoding novel ORFs�
26%�
25%�
�
�
�
�
�
Comparative BLAST hits�
�
�
�
Genes with BLASTP hits in MED4�
�
�
�
      # of genes�
----�
1436�
�
      % of genes�
----�
65%�
�
Genes with BLASTP hits in MIT9313�
�
�
�
      # of genes�
1366�
----�
�
      % of genes�
81%�
----�
�
�
�
�
�
Regulatory capacity1�
�
�
�
Bacterial helix-turn-helix�
7�
11�
�
Two component regulatory systems�
6�
9�
�
Sigma factors�
5�
9�
�
Total �
18�
29�
�
1 This is not intended to be a comprehensive catalog of all the transcriptional regulators, but rather just those protein families as defined by Pfam hits � ADDIN EN.CITE <EndNote><Cite><Author>Bateman</Author><Year>2000</Year><RecNum>3011</RecNum><MDL><REFERENCE_TYPE>0</REFERENCE_TYPE><AUTHORS><AUTHOR>Bateman, A.</AUTHOR><AUTHOR>Birney, E.</AUTHOR><AUTHOR>Durbin, R.</AUTHOR><AUTHOR>Eddy, S. R.</AUTHOR><AUTHOR>Howe, K.</AUTHOR><AUTHOR>Sonnhammer, E. L. L.</AUTHOR></AUTHORS><YEAR>2000</YEAR><TITLE>The Pfam Protein Families Database</TITLE><SECONDARY_TITLE>Nucleic Acids Research</SECONDARY_TITLE><VOLUME>28</VOLUME><PAGES>263-266</PAGES></MDL></Cite></EndNote>�(Bateman et al. 2000)�.
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Figure 2c, above:  Prochlorococcus MED4 expression of representative genes determined by quantitative reverse-transcription-PCR. Prochlorococcus MED4 was sampled during the exponential phase of growth under a 14:10 L:D  regime. Cells were in darkness from 19:30 until 09:30  and in 300 (E m-2 sec-1 light before and after that period.  Extracted RNA was reverse-transcribed and subjected to quantitative PCR analysis with the Light Cycler real time PCR macine (Roche Diagnostics Corp., Indianapolis IN).  Note that the dynamic range achieved is over 5 orders of magnitude.  (Zinser et al, unpubl.).
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Figure 2b:  Prochlorococcus MED4 expression of representative genes determined by microarray analysis. Prochlorococcus MED4, grown on full medium (no limiting nutrient) with 300 µE.m-2.s-1 continuous light was sampled in the exponential phase of growth. Extracted RNA was enriched for mRNA and fluorescently labeled (see text for details). The labeled RNA was hybridized to a miniarray fabricated with both sense and antisense probes (70 bases long) spotted onto glass slides in 6 replicate spots. Expression is shown as the average spot intensity per gene and the error bars denote the standard deviation (n=6). Note the dynamic range achieved is over 2 orders of magnitude.  (Lindell et al, unpubl.)
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DNA per cell


Figure 2a.   Progression of Prochlorococcus through its cell cycle at different depths in the Equatorial Pacific ocean (1 April 1992).   Each panel shows the flow cytometric analysis of DNA per cell in a given population, revealing the proportion of cells that are in the “G1” (1 complement of DNA per cell) , “S”, and “G2” (two complements of DNA per cell) phases of their cell cycles.   Arrows indicate the initiation of S phase at 0 and 30 m, showing that the onset is delayed at the surface, most likely because of light inhibition (Vaulot et al 1995)  
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		130		4.2195611124		4.2195611124

		140		4.3135211758		4.3135211758

		150		4.3976202055		4.3976202055

		160		4.4730631173		4.4730631173

		170		4.5408444669		4.5408444669

		180		4.601797349		4.601797349

		190		4.6566285998		4.6566285998

		200		4.7059444924		4.7059444924

		210		4.7502698352		4.7502698352

		220		4.7900624047		4.7900624047

		230		4.8257240494		4.8257240494

		240		4.8576093621		4.8576093621

		250		4.8860325964		4.8860325964

		260		4.9112732355		4.9112732355

		270		4.933580571		4.933580571

		280		4.9531774973		4.9531774973

		290		4.9702636973		4.9702636973

		300		4.9850183675		4.9850183675

		310		4.9976025248		4.9976025248

		320		5.0081610275		5.0081610275

		330		5.0168243197		5.0168243197

		340		5.0237099629		5.0237099629

		350		5.0289239717		5.0289239717

		360		5.0325620131		5.0325620131

		370		5.0347104453		5.0347104453

		380		5.0354472578		5.0354472578

		390		5.0348428993		5.0348428993

		400		5.0329610148		5.0329610148

		410		5.0298591087		5.0298591087

		420		5.0255891285		5.0255891285

		430		5.0201979972		5.0201979972

		440		5.0137280797		5.0137280797

		450		5.006217604		5.006217604

		460		4.9977010399		4.9977010399

		470		4.988209433		4.988209433

		480		4.9777707072		4.9777707072

		490		4.9664099333		4.9664099333

		500		4.9541495676		4.9541495676

		510		4.9410096695		4.9410096695

		520		4.9270080917		4.9270080917

		530		4.9121606484		4.9121606484

		540		4.896481268		4.896481268

		550		4.8799821279		4.8799821279

		560		4.8626737725		4.8626737725

		570		4.8445652177		4.8445652177

		580		4.825664044		4.825664044

		590		4.805976473		4.805976473

		600		4.785507442		4.785507442

		610		4.7642606595		4.7642606595

		620		4.742238658		4.742238658

		630		4.7194428351		4.7194428351

		640		4.6958734882		4.6958734882

		650		4.6715298413		4.6715298413

		660		4.6464100642		4.6464100642

		670		4.6205112871		4.6205112871

		680		4.5938296061		4.5938296061

		690		4.5663600838		4.5663600838

		700		4.5380967442		4.5380967442

		710		4.5090325592		4.5090325592

		720		4.4791594327		4.4791594327

		730		4.4484681735		4.4484681735

		740		4.4169484663		4.4169484663

		750		4.384588832		4.384588832

		760		4.3513765843		4.3513765843

		770		4.317297775		4.317297775

		780		4.2823371344		4.2823371344

		790		4.2464780003		4.2464780003

		800		4.2097022384		4.2097022384

		810		4.1719901518		4.1719901518

		820		4.1333203781		4.1333203781

		830		4.0936697734		4.0936697734

		840		4.0530132812		4.0530132812

		850		4.0113237837		4.0113237837

		860		3.9685719346		3.9685719346

		870		3.92472597		3.92472597

		880		3.8797514919		3.8797514919

		890		3.8336112244		3.8336112244

		900		3.7862647355		3.7862647355

		910		3.7376681175		3.7376681175

		920		3.6877736232		3.6877736232

		930		3.6365292448		3.6365292448

		940		3.5838782293		3.5838782293

		950		3.5297585146		3.5297585146

		960		3.4741020735		3.4741020735

		970		3.4168341434		3.4168341434

		980		3.3578723199		3.3578723199

		990		3.2971254803		3.2971254803

		1000		3.2344924996		3.2344924996

		1010		3.1698607063		3.1698607063

		1020		3.1031040105		3.1031040105

		1030		3.034080616		3.034080616

		1040		2.9626301961		2.9626301961

		1050		2.8885703723		2.8885703723

		1060		2.8116922708		2.8116922708

		1070		2.7317548461		2.7317548461

		1080		2.6484775207		2.6484775207

		1090		2.5615304891		2.5615304891

		1100		2.4705217074		2.4705217074

		1110		2.3749790656		2.3749790656

		1120		2.274325361		2.274325361

		1130		2.1678421563		2.1678421563

		1140		2.0546158065		2.0546158065

		1150		1.9334535344		1.9334535344

		1160		1.8027462868		1.8027462868

		1170		1.6602301196		1.6602301196

		1180		1.5025356005		1.5025356005

		1190		1.3242358677		1.3242358677

		1200		1.1154743517		1.1154743517

		1210		0.8541750476		0.8541750476
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Sheet1

		Collection   Number of   Number of

		Number     Organisms    Species

		==================================

		All		507		91

		1		507		91

		The following table lists the mean and standard deviations

		of the number of species found in subsamples of the given sizes.

		There is a mean and SD for each collection and each subsample size

		Subsample  All Collections   Collection 1      Collection 2 ...

		Size     Mean   Std.Dev   Mean   Std.Dev   Mean   Std.Dev ...

		===============================================================

		0		0		0		0		0

		10		8.5677382301		1.0533657762		8.5677382301		1.0533657762

		20		14.9698308937		1.7548401229		14.9698308937		1.7548401229

		30		20.1614363616		2.2164990014		20.1614363616		2.2164990014

		40		24.6018397236		2.5373181837		24.6018397236		2.5373181837

		50		28.5266721029		2.7709215061		28.5266721029		2.7709215061

		60		32.0672446031		2.9469901262		32.0672446031		2.9469901262

		70		35.3036550958		3.0825918026		35.3036550958		3.0825918026

		80		38.2890961572		3.1881178697		38.2890961572		3.1881178697

		90		41.0614780247		3.2703196244		41.0614780247		3.2703196244

		100		43.6493234207		3.3338575546		43.6493234207		3.3338575546

		110		46.0749722298		3.3821119513		46.0749722298		3.3821119513

		120		48.3564534364		3.4176279543		48.3564534364		3.4176279543

		130		50.5086533882		3.4423752598		50.5086533882		3.4423752598

		140		52.5440868469		3.4579094147		52.5440868469		3.4579094147

		150		54.4734293192		3.4654776803		54.4734293192		3.4654776803

		160		56.3058979629		3.4660916876		56.3058979629		3.4660916876

		170		58.0495321056		3.4605790453		58.0495321056		3.4605790453

		180		59.711404797		3.4496209786		59.711404797		3.4496209786

		190		61.2977855953		3.4337803311		61.2977855953		3.4337803311

		200		62.814268035		3.4135227258		62.814268035		3.4135227258

		210		64.2658709949		3.3892327442		64.2658709949		3.3892327442

		220		65.6571204352		3.3612264048		65.6571204352		3.3612264048

		230		66.9921161404		3.3297608399		66.9921161404		3.3297608399

		240		68.2745868464		3.2950418128		68.2745868464		3.2950418128

		250		69.5079362534		3.2572295387		69.5079362534		3.2572295387

		260		70.6952817992		3.2164431411		70.6952817992		3.2164431411

		270		71.8394876155		3.1727639825		71.8394876155		3.1727639825

		280		72.943192761		3.1262380311		72.943192761		3.1262380311

		290		74.0088355768		3.0768773681		74.0088355768		3.0768773681

		300		75.0386748306		3.0246608875		75.0386748306		3.0246608875

		310		76.0348081735		2.9695341915		76.0348081735		2.9695341915

		320		76.9991883332		2.9114086372		76.9991883332		2.9114086372

		330		77.9336373834		2.8501594306		77.9336373834		2.8501594306

		340		78.8398593673		2.7856225962		78.8398593673		2.7856225962

		350		79.7194515073		2.7175905541		79.7194515073		2.7175905541

		360		80.5739141907		2.6458059014		80.5739141907		2.6458059014

		370		81.404659894		2.5699528005		81.404659894		2.5699528005

		380		82.2130211829		2.4896450665		82.2130211829		2.4896450665

		390		83.0002579056		2.4044095657		83.0002579056		2.4044095657

		400		83.7675636796		2.3136627343		83.7675636796		2.3136627343

		410		84.5160717626		2.2166766563		84.5160717626		2.2166766563

		420		85.2468603818		2.1125286687		85.2468603818		2.1125286687

		430		85.960957592		2.0000237989		85.960957592		2.0000237989

		440		86.6593457199		1.8775699218		86.6593457199		1.8775699218

		450		87.3429654512		1.7429650167		87.3429654512		1.7429650167

		460		88.0127196041		1.593006595		88.0127196041		1.593006595

		470		88.6694766347		1.4226984729		88.6694766347		1.4226984729

		480		89.3140739109		1.223387754		89.3140739109		1.223387754

		490		89.9473207883		0.9772476924		89.9473207883		0.9772476924

		500		90.5700015198		0.6313288033		90.5700015198		0.6313288033

		The Chao-1 non-parametric estimator of species richness:

		Collection    Chao-1

		Number     Estimator    St. Dev.

		===================================

		All		131.0416666667		15.1324305268

		1		131.0416666667		15.1324305268

		A value of -1 means the estimator could not be calculated

		because there were no doubletons.
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Sheet2

		0		0		0		0		0

		10		9.2636190295		0.8114307665		9.2636190295		0.8114307665

		20		17.2009978514		1.4898674672		17.2009978514		1.4898674672

		30		24.173209768		2.0261347938		24.173209768		2.0261347938

		40		30.4171044588		2.4548006972		30.4171044588		2.4548006972

		50		36.0917275173		2.8025110271		36.0917275173		2.8025110271

		60		41.3068704236		3.0891353227		41.3068704236		3.0891353227

		70		46.1407027897		3.3291966179		46.1407027897		3.3291966179

		80		50.6507277671		3.5332212956		50.6507277671		3.5332212956

		90		54.8806457272		3.7088433484		54.8806457272		3.7088433484

		100		58.8647018703		3.8616410148		58.8647018703		3.8616410148

		110		62.6304789131		3.9957429472		62.6304789131		3.9957429472

		120		66.2007222049		4.1142557357		66.2007222049		4.1142557357

		130		69.594557297		4.2195611124		69.594557297		4.2195611124

		140		72.8283216185		4.3135211758		72.8283216185		4.3135211758

		150		75.9161475684		4.3976202055		75.9161475684		4.3976202055

		160		78.8703827435		4.4730631173		78.8703827435		4.4730631173

		170		81.7019013617		4.5408444669		81.7019013617		4.5408444669

		180		84.4203413735		4.601797349		84.4203413735		4.601797349

		190		87.0342895987		4.6566285998		87.0342895987		4.6566285998

		200		89.5514295777		4.7059444924		89.5514295777		4.7059444924

		210		91.9786619895		4.7502698352		91.9786619895		4.7502698352

		220		94.3222043719		4.7900624047		94.3222043719		4.7900624047

		230		96.587674851		4.8257240494		96.587674851		4.8257240494

		240		98.7801632439		4.8576093621		98.7801632439		4.8576093621

		250		100.9042919984		4.8860325964		100.9042919984		4.8860325964

		260		102.9642688064		4.9112732355		102.9642688064		4.9112732355

		270		104.9639323042		4.933580571		104.9639323042		4.933580571

		280		106.9067919562		4.9531774973		106.9067919562		4.9531774973

		290		108.7960629976		4.9702636973		108.7960629976		4.9702636973

		300		110.6346971479		4.9850183675		110.6346971479		4.9850183675

		310		112.4254096738		4.9976025248		112.4254096738		4.9976025248

		320		114.1707032915		5.0081610275		114.1707032915		5.0081610275

		330		115.8728893144		5.0168243197		115.8728893144		5.0168243197

		340		117.5341063953		5.0237099629		117.5341063953		5.0237099629

		350		119.156337161		5.0289239717		119.156337161		5.0289239717

		360		120.7414229964		5.0325620131		120.7414229964		5.0325620131

		370		122.2910771997		5.0347104453		122.2910771997		5.0347104453

		380		123.8068967043		5.0354472578		123.8068967043		5.0354472578

		390		125.2903725344		5.0348428993		125.2903725344		5.0348428993

		400		126.7428991441		5.0329610148		126.7428991441		5.0329610148

		410		128.1657827675		5.0298591087		128.1657827675		5.0298591087

		420		129.5602488966		5.0255891285		129.5602488966		5.0255891285

		430		130.9274489844		5.0201979972		130.9274489844		5.0201979972

		440		132.2684664636		5.0137280797		132.2684664636		5.0137280797

		450		133.5843221569		5.006217604		133.5843221569		5.006217604

		460		134.8759791488		4.9977010399		134.8759791488		4.9977010399

		470		136.1443471782		4.988209433		136.1443471782		4.988209433

		480		137.3902866061		4.9777707072		137.3902866061		4.9777707072

		490		138.614612005		4.9664099333		138.614612005		4.9664099333

		500		139.8180954113		4.9541495676		139.8180954113		4.9541495676

		510		141.0014692785		4.9410096695		141.0014692785		4.9410096695

		520		142.1654291626		4.9270080917		142.1654291626		4.9270080917

		530		143.3106361687		4.9121606484		143.3106361687		4.9121606484

		540		144.4377191851		4.896481268		144.4377191851		4.896481268

		550		145.5472769257		4.8799821279		145.5472769257		4.8799821279

		560		146.6398798027		4.8626737725		146.6398798027		4.8626737725

		570		147.7160716453		4.8445652177		147.7160716453		4.8445652177

		580		148.7763712812		4.825664044		148.7763712812		4.825664044

		590		149.8212739939		4.805976473		149.8212739939		4.805976473

		600		150.8512528695		4.785507442		150.8512528695		4.785507442

		610		151.8667600425		4.7642606595		151.8667600425		4.7642606595

		620		152.8682278502		4.742238658		152.8682278502		4.742238658

		630		153.8560699059		4.7194428351		153.8560699059		4.7194428351

		640		154.8306820966		4.6958734882		154.8306820966		4.6958734882

		650		155.7924435136		4.6715298413		155.7924435136		4.6715298413

		660		156.7417173212		4.6464100642		156.7417173212		4.6464100642

		670		157.6788515688		4.6205112871		157.6788515688		4.6205112871
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		750		164.7762414481		4.384588832		164.7762414481		4.384588832
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		770		166.4496761393		4.317297775		166.4496761393		4.317297775

		780		167.2726014279		4.2823371344		167.2726014279		4.2823371344

		790		168.0866213176		4.2464780003		168.0866213176		4.2464780003

		800		168.8919426622		4.2097022384		168.8919426622		4.2097022384

		810		169.6887646555		4.1719901518		169.6887646555		4.1719901518

		820		170.4772791762		4.1333203781		170.4772791762		4.1333203781

		830		171.2576711168		4.0936697734		171.2576711168		4.0936697734

		840		172.0301186964		4.0530132812		172.0301186964		4.0530132812

		850		172.7947937588		4.0113237837		172.7947937588		4.0113237837

		860		173.551862056		3.9685719346		173.551862056		3.9685719346

		870		174.3014835195		3.92472597		174.3014835195		3.92472597

		880		175.0438125178		3.8797514919		175.0438125178		3.8797514919

		890		175.778998103		3.8336112244		175.778998103		3.8336112244

		900		176.507184246		3.7862647355		176.507184246		3.7862647355
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		950		180.0478340813		3.5297585146		180.0478340813		3.5297585146

		960		180.7367894726		3.4741020735		180.7367894726		3.4741020735

		970		181.4196285981		3.4168341434		181.4196285981		3.4168341434

		980		182.096462079		3.3578723199		182.096462079		3.3578723199

		990		182.767397154		3.2971254803		182.767397154		3.2971254803

		1000		183.4325378299		3.2344924996		183.4325378299		3.2344924996
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		1050		186.6747568963		2.8885703723		186.6747568963		2.8885703723

		1060		187.3071517597		2.8116922708		187.3071517597		2.8116922708

		1070		187.9344011603		2.7317548461		187.9344011603		2.7317548461

		1080		188.5565879659		2.6484775207		188.5565879659		2.6484775207

		1090		189.173792915		2.5615304891		189.173792915		2.5615304891
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		1110		190.3935701402		2.3749790656		190.3935701402		2.3749790656
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		1150		192.7766808344		1.9334535344		192.7766808344		1.9334535344

		1160		193.3611144542		1.8027462868		193.3611144542		1.8027462868

		1170		193.9411465825		1.6602301196		193.9411465825		1.6602301196

		1180		194.5168428214		1.5025356005		194.5168428214		1.5025356005

		1190		195.0882674793		1.3242358677		195.0882674793		1.3242358677
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		Time (hours)		Exp -1		Exp -2		positive -1		positive -2		negative -1		negative -2				Exp -1		Exp -2		positive -1		positive -2		negative -1		negative -2

		0		28		9.6		12.1		7.5		55		49.5				1.4471580313		0.982271233		1.0827853703		0.8750612634		1.7403626895		1.6946051989

		22.5		24.4		7.8		16.4		6.2		40.5		29.6				1.3873898263		0.8920946027		1.214843848		0.7923916895		1.6074550232		1.4712917111

		46		25		7.6		29.7		6.4		35		22.7				1.3979400087		0.8808135923		1.4727564493		0.806179974		1.5440680444		1.3560258572

		69		23		7.1		51.2		7		28.7		16.1				1.361727836		0.8512583487		1.709269961		0.84509804		1.4578818967		1.206825876

		95		19.7		6.3		90.7		7.9		19.9		10.6				1.2944662262		0.7993405495		1.9576072871		0.8976270913		1.2988530764		1.0253058653

		121		18		5.8		149		11		14.8		7.6				1.2552725051		0.7634279936		2.1731862684		1.0413926852		1.1702617154		0.8808135923

		143		16.7		5.2		159		15		12		5.98				1.2227164711		0.7160033436		2.2013971243		1.1760912591		1.079181246		0.776701184

		169		11.7		3.9		122		37		7.7		5				1.0681858617		0.591064607		2.0863598307		1.5682017241		0.8864907252		0.6989700043

		193		10.7		3.5		122		62.2		6.5		3.5				1.0293837777		0.5440680444		2.0863598307		1.7937903847		0.8129133566		0.5440680444

		361		13.3		4.7		101		121		4.6		2.8				1.123851641		0.6720978579		2.0043213738		2.0827853703		0.6627578317		0.4471580313

		388		15.1		5.7		95		104		4.7		2.8				1.1789769473		0.7558748557		1.9777236053		2.0170333393		0.6720978579		0.4471580313

		456		28.8		11.5		50		102		5.2		2.8				1.4593924878		1.0606978404		1.6989700043		2.0086001718		0.7160033436		0.4471580313

		476		34.8		14.1		48		91		5.6		2.7				1.5415792439		1.1492191127		1.6812412374		1.9590413923		0.748188027		0.4313637642

		480		45.2		18.2		44		63		5.7		2.6				1.6551384348		1.260071388		1.6434526765		1.7993405495		0.7558748557		0.414973348

		504		59.3		24.2		38		44		6.1		2.6				1.7730546934		1.383815366		1.5797835966		1.6434526765		0.785329835		0.414973348
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		Time (hours)		Exp - 1		Exp -2		positive -1		positive -2		negative -1		negative -2				Conjugation, +Kan		Conjugation, +Kan		Non-mated, -Kan		Non-mated, -Kan		Non-mated, +Kan		Non-mated, +Kan

		0		8.7		4.9		33.6		32		13.3		11.7				0.9395192526		0.69019608		1.5263392774		1.5051499783		1.123851641		1.0681858617

		26		10.6		6		60		60.4		10.8		8.6				1.0253058653		0.7781512504		1.7781512504		1.7810369386		1.0334237555		0.9344984512

		50		12.5		7.7		101		100		8.5		6.8				1.096910013		0.8864907252		2.0043213738		2		0.9294189257		0.8325089127

		75		16		9.8		161		166		7.4		6.1				1.2041199827		0.9912260757		2.206825876		2.220108088		0.8692317197		0.785329835

		121.5		26		15.1		250		262		5.1		4.3				1.414973348		1.1789769473		2.3979400087		2.4183012913		0.7075701761		0.6334684556

		145.5		51.4		30.8		232		236		3.9		3.3				1.710963119		1.4885507165		2.3654879849		2.372912003		0.591064607		0.5185139399

		167		70		46		230		227		3.5		3.1				1.84509804		1.6627578317		2.361727836		2.3560258572		0.5440680444		0.4913616938

		219		110		89		182		187		2.98		2.7				2.0413926852		1.9493900066		2.260071388		2.2718416065		0.4742162641		0.4313637642

		297		175		201		110		134		3.1		2.67				2.2430380487		2.3031960574		2.0413926852		2.1271047984		0.4913616938		0.4265112614
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