CSPEC Research Proposal III

Remote Detection of Molecular Markers Indicative of Human Waste in Coastal Waters Using the Environmental Sample Processor (ESP)

Participants:  C. Scholin, P. Holden, S. Jiang, C. Carlson, R. Nisbet, J. Largier, S. Grant, L. Washburn

Specific Aims

The Environmental Sample Processor (ESP) is an experimental instrument designed to collect discrete water samples autonomously, concentrate microorganisms and automate application of DNA (or other) molecular probes to enable identification and quantification of particular species captured in situ, subsurface if desired.  The instrument can transmit results of DNA probe array assays in real-time to a shore station for processing, interpretation and dissemination.  Development and application of the ESP is currently focused on detection of harmful algal bloom (HAB) species.

The objective of this project is to modify the sample collection and processing capabilities of the ESP so that remote, near real-time detection of molecular markers indicative of human waste is possible within the context of the proposed Center for the Study of Pathogens in Environments along Coastlines (CSPEC).  Specific aims of this proposal are to:

1. define a set of functional requirements that the ESP must meet in order to provide appropriate sample collection and processing abilities as projected in CSPEC Research Proposal I;

2. design, construct and test under laboratory conditions prototype sample collection and sample processing “modules” that meet identified functional requirements;
3. integrate the sample collection and sample processing modules with the ESP system;
4. deploy as directed in Research Proposals I and  II the modified ESP on a moored platform fitted with environmental sensors to provide the means for detecting molecular markers indicative of human waste remotely, in situ;

5. construct two additional ESPs with required functionality as defined in (4);

6. deploy a network of ESPs at geographically distinct locations, with each ESP performing the same set of analyses simultaneously as required in support of Research Proposal II.

By accomplishing the above, we will make it possible to measure indicators of human waste in coastal environments remotely and thus provide an important sensing capability suitable for inclusion in monitoring and policymaking frameworks.  Our approach to this work includes coupling the expertise of microbial ecologists specializing in bacteriology and virology with physical oceanographers and with instrument engineers in a unique collaborative research program.

Background and Significance

The world’s oceans are inhabited by an amazing diversity of prokaryotic and eukaryotic microorganisms.  Understanding their community structure, population dynamics, relationship to changing environmental conditions and response to variable physical and chemical oceanographic features is of fundamental importance to numerous ocean exploration and monitoring initiatives.  Documenting species distribution, abundance, and diversity as well as changes in these characteristics that may occur over time is a formidable challenge.  With respect to species indicative of “ecosystem health,” only a small fraction of the thousands of microorganisms living in the oceans contribute to economic loss and/or are known to negatively affect the health of humans and wildlife.  Harmful algal bloom (HAB) species and a variety of microbes associated with sewage effluents exemplify the latter.  For such organisms, it is highly desirable to identify and map the distribution of specific species well in advance of potential problems they may cause.  This demands an integrated network of sampling sites as well as the capability to detect particular organisms at very low concentrations, even when they are embedded in a complex microbial community.  Development and application of this capability is referenced repeatedly in a variety of planning documents such as, NSF Geosciences Beyond 2000 (http://www.geo.nsf.gov/adgeo/geo2000.htm), Environmental Science and 

Engineering for the 21st Century: The Role of the National Science Foundation, (http://www.nsf.gov/nsb/tfe/nsb99133), From Monsoons to Microbes: Understanding the Oceans Role in Human Health (by the Ocean Studies Board of the National Research Council; National Academy Press, 1999), and a summary of a Government-sponsored Roundtable on Oceans and Human Health held in Research Triangle Park, NC, December, 2001 (see http://www.niehs.nih.gov/translat/news.htm)

Development and application of species-specific molecular probes is a common means of expediting and facilitating the detection and quantification of a wide range of microorganisms found in water samples.  However, routine application of these probes is presently hindered by the need for repetitive operations that typically demand trained personnel and specialized laboratory facilities (see Research Proposal I).  These requirements restrict the utilization of molecular probes for environmental application because the rate of sample processing is often limiting and use of the technology outside of a laboratory setting is at present logistically difficult, impractical or impossible.  The collection of water samples on appropriate spatial and temporal scales further complicates the application of molecular probe technology in an environmental setting due to limitations associated with making collections at multiple locations routinely and sampling a variety of locations synoptically.  In stark contrast, many physical, chemical and gross biological properties of the water column may be determined in real-time using a variety of airborne, shipboard, moored and drifting sensor arrays (e.g., Dickey et al. 1992, Chavez et al 2003; see also: http://www.mbari.org/bog/, and Research Proposal II).  The disparity between our capacity to measure many physical and chemical oceanographic parameters versus our ability to understand the distribution and abundance of specific microorganisms impedes our ability to characterize a wide range of biological phenomena, including that associated with organisms harmful to humans and wildlife.
The ESP System
In an effort to overcome some of these limitations, scientists and engineers at the Monterey Bay Aquarium Research Institute (MBARI) have developed a new instrument known as the Environmental Sample Processor (ESP; Fig. 1; see also: http://www.mbari.org/microbial/ESP).  The utility of the ESP takes advantage of on the fact that many protocols used to detect organisms, or specific molecular “signatures” of interest, require similar sample handling and processing protocols (e.g., cell concentration, reagent exchange, detection of reaction products, etc.).  The ESP was designed to accommodate those needs and thus meet the requirements of a wide range of researchers as well as resource management personnel (Scholin et al. 1998).

The ESP collects discrete samples of water, concentrates microorganisms contained within those samples onto user-selected solid supports, automates pre-programmed chemical processing of material collected and telemeters data to shore.  The ESP is protected under U.S. Patent Number 6187530.
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Present sample processing options automated by the ESP include but are not limited to:

1. preservation of microorganisms (particulate matter) for light and electron microscopy;

2. preservation of microorganisms (particulate matter) for nucleic acid and toxin analyses;

3. application of molecular probes (DNA, antibody) for identification of specific organisms using whole cell formats; and, 

4. application of molecular probes (DNA, antibody) using cell homogenate formats, the latter including nucleic acid extraction and development of custom DNA probe arrays for real-time detection of multiple organisms simultaneously (e.g., Scholin et al. 1997, Miller and Scholin 1998, 2000, Scholin and Anderson 1998, Scholin et al. 1999, 2000).

The ESP is typically deployed along side or directly bundled with other instrument packages such as a conductivity, temperature and depth (CTD) recorder, chlorophyll fluorescence sensor, etc.  By integrating data from a network of ESPs with those from sensors characterizing physical and chemical properties of the water column, we aim to generate synoptic views of the distribution and abundance of a variety of target species based on their molecular signatures in an environmentally relevant context, remotely and in real-time.

The ESP prototypes built to date are referred to as “first generation”, or “1G ESPs”.  Development and application of a “second generation ESP” (2G ESP) is currently supported by grants from the Packard Foundation (MBARI internal project) and a new, three year project that will begin ~April ’04 supported by the National Ocean Partnerships Program (NOPP) through funds allocated by the National Science Foundation (NSF).  Formal notification of this award is presented in the Appendix.  The focus of these projects is to build a 2G ESP that will be made available to the oceanographic research community.  The 2G ESP development program uses HAB species as well as toxins they produce as model target analytes.  The toxin work is being conducted in collaboration with Dr. Greg Doucette of the NOAA/NOS Marine Biotoxins Laboratory in Charleston, S.C.

The 2G ESP could be used to enable remote detection of a wide range of water borne microbes or target molecules (e.g., toxins) by altering the molecular probes and/or “analytical modules” loaded onto the instrument.  However, the MBARI and NSF-sponsored development and applications of the ESP are limited to HAB research and local deployments (Monterey Bay, CA) only.  This proposal seeks funds to develop a novel analytical capability for detecting microbes and viruses associated with sewage effluents in collaboration with researchers participating in the Center for the Study of Pathogens in Environments along Coastlines (CSPEC).
1G ESP functionality

The current (1G) ESP (Fig. 1) consists of five major subsystems.  A carousel stores up to 100 “pucks” that accommodate a wide variety of user-defined 25mm filters or chemically absorptive media.  The term “puck” is used interchangeably with “filter holder”.  A linear shuttle is used to move a puck from the carousel to the processing position where it is sealed in a clamp thus providing connections to the valve manifolds.  The seals used in the clamp have embedded heater pads that allow for temperature control from ambient up to ~100°C at any time during a protocol.  A syringe pump is used to draw in seawater samples and dispense the required reagents.  The shuttle is also used to move pucks to an imaging station where a CCD camera records results of DNA probe array assays.

Modular valving supports use of a relatively large number of reagents. The filter manifolds are organized as blocks of 8 and can be cascaded for additional capability.  In the current format, 16 valves (2 manifold blocks) are connected to the top of the seal clamp and 8 valves (1 manifold block) are connected to the bottom.  Additional valves allow the syringe pump to pull reagents “top-to-bottom” across the filter from the upper manifold, or push reagents from the lower manifold “bottom-to-top” across material contained in puck.  Reagents can also be trapped in a puck so that specific reactions can occur in a small volume over an extended period of time.  Waste may be discharged overboard or captured onboard in a dedicated reservoir.  A highly accurate and repeatable syringe pump is capable of mixing and dispensing fluid volumes from 10’s of µl to 25 ml.

To begin processing a sample, a carousel tube is positioned over an elevator and the elevator then lifts a puck into the shuttle.  The shuttle slides the puck into the puck seal clamp.  Once a puck is immobilized in the clamp, the syringe pump pulls seawater through a filter thereby concentrating particles (organisms) on the filter media.  The syringe pump is then used to sequentially add reagents to/ exchange reagents across the material collected.  Target molecules eluted from one puck may be pulled into the syringe pump and used in a protocol requiring a different filter media (e.g., sandwich hybridization; see Scholin et al., 1996, 1998, 1999).  Processed or spent pucks are unloaded into an empty carousel tube.

Users control the ESP through a simple ASCII text-based language that defines the sequence of steps emulated by the instrument.  At the lowest level, commands consist of a series of predefined calls such as, “LOAD FILTER”, “SYRINGE PULL x mL REAGENT y”, “ACQUIRE IMAGE”, etc.  Sequences of these low-level macros can be written as a subroutine to perform a specific processing protocol (e.g., “WHOLE CELL ARCHIVE”,”TOXIN ARCHIVE” or “SANDWICH HYBRIDIZATION”).  Any number of these subroutine macros can be called from a higher level macro to wake up the instrument, perform a sequence of subroutines, and put the instrument to sleep until the next sampling period.

Field Test of the shipboard 1G ESP Prototype

Two 1G ESP prototypes have been built at MBARI thus far.  One instrument was designed as a laboratory bench top development station; this unit can also be used onboard ships.  The second ESP is fitted for in situ, subsurface, autonomous operation.  Examples illustrating the performance of these instruments follow.

The shipboard ESP prototype was deployed in Monterey Bay, August 2000 (Fig. 2).  The device was programmed to generate cell homogenates (crude cell lysates) and develop prototype oligonucleotide probe arrays to reveal the presence of several different harmful algal species in near real-time.  The same instrument was also used to archive discrete samples for a diverse set of post-deployment processes: whole cell hybridization; domoic acid and paralytic shellfish poisoning toxin analyses; and, nucleic acid extraction, PCR amplification of ribosomal RNA genes (rDNA), construction of rDNA clone libraries, sequencing of rDNA clones (Fig. 3).  Here, results summarizing the DNA probe arrays, whole cell probing and toxin analyses emphasize two different toxigenic phytoplankton species: the diatom Pseudo-nitzschia australis and the dinoflagellate Alexandrium catenella.  In the examples shown in Figure 2, neither P. australis nor A. catenella were detected in sample 1 (ESP1).  In contrast, P. australis was detected in samples 3-5 (ESP3-5) albeit at different concentrations as indicated by the variable intensity associated with the P. australis-specific probe on the DNA probe array (Fig 2B).  A. catenella was detected on an array in sample 5 only (Fig 2B).
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Figure 2. Examples of data obtained using the shipboard ESP in Monterey Bay, CA.  A) Sea surface temperature and locations of sampling stations (ESP 1-5).  B) Images of the oligonucleotide probe arrays (middle panel) and micrographs showing results of fluorescent in situ hybridization (bottom panel).  Domoic acid activity associated (Fig. 2, contd) with a sample is printed at the bottom of the micrographs.  Locations of probes for P. australis and A. catenella on the arrays, spotted in triplicate, are denoted "P. aus" and A. cat," respectively.  To develop an oligonucleotide probe array, the ESP collects 400 ml of sea water, concentrates particles > ~5 µm onto a 25 mm Durapore filter leaving less than 0.1 ml of residual seawater behind, injects 1.5 ml of lysis reagent, heats the sample to ~85°C and the resulting sample homogenate is drawn into the syringe.  Using the shuttle and elevators, the sample collection puck is replaced with a puck carrying a custom-printed oligonucleotide probe array.  The sample homogenate is passed over the array, followed by a sequence of reagents that reveal rRNA molecules retained at specific locations on the array grid using the principles of sandwich hybridization (Scholin et al. 1996, 1997, 1999).  An image of the resulting array is recorded using the CCD camera.  For whole cell hybridization, a 50 mL sample was passed through a 3 µm pore size polycarbonate filter and the particles retained were treated with a saline ethanol solution for 1 hour then dried (see Miller and Scholin 2000).  The preserved, dried sample was stored onboard the ESP.  Following the deployment, the ESP was plumbed with a fresh suite of reagents and programmed to process the archived samples using fluorescent in situ hybridization (Miller and Scholin 2000).  Once the hybridization process was completed, the sample filter was recovered, mounted on a slide and viewed using conventional epifluorescence microscopy.  In the examples shown here, several different rRNA probes were used: "Univ." (labels rRNA from all organisms; 519r – Field et al. 1988), "P. aus" (labels rRNA specific to Pseudo-nitzschia australis Miller and Scholin 1998), and "A. cat" (labels rRNA specific to Alexandrium catenella Miller and Scholin 1998).  Samples archived for toxin analysis consisted of 750 mL aliquots concentrated onto GF/F filters and dried, then processed using a receprtor binding assay (Lefebvre et al. 1999, Powell and Doucette 1999). See text for further details. 

Samples archived for whole cell (Miller and Scholin, 2000) and toxin receptor binding analyses (Lefebvre et al. 1999, Powell and Doucette 1999) enabled post-deployment validation of the probe array data collected in real-time.  Examples of the whole cell analyses are shown in the lowest series of panels in Figure 2B (frames 1a-5a).  Immediately after development of an oligonucleotide array, the ESP was programmed to concentrate and preserve an aliquot of the same sample used to generate the array.  Panel 1a shows a diverse phytoplankton community, with no significant numbers of P. australis nor A. catenella.  This sample was treated with a “universal probe” that labels rRNA from all species (SSU 519r; Field et al. 1988).  This material was collected near a site of upwelling where centric diatoms and heterotrophic dinoflagellates were abundant (ESP1, Fig 2A).  In contrast, the probe array seen in Figure 2B panel 3 indicated the presence of P. australis.  To confirm this prediction, the corresponding, archived whole cell sample was processed using a probe that labels P. australis specifically (Scholin et al. 1996, Miller and Scholin, 1998, 2000).  As predicted, the archived sample did indeed contain this species (Fig. 2B, panel 3a).  Furthermore, the probe array seen in Figure 2B panel 4 indicated P. australis was very abundant; whole cell in situ hybridization of the corresponding sample also revealed very high numbers of the expected species (panel 4a).  The probe array seen in Figure 2B panel 5 predicts the presence of a number of species represented on the grid, in particular both P. australis and A. catenella.  In this case, the archived whole cell sample was processed using a probe specific for A. catenella (Miller and Scholin, 1998) and that species was in fact found embedded within the phytoplankton community (panel 5a).  In this same sample, one can also see the faint outline of large pennate diatoms (not labeled by the "A. cat" probe), the likely source of the P. australis signal seen on the corresponding probe array. 

P. australis and A. catenella both produce potent neurotoxins, though different in structure and mode of action (Hallegraeff 1995).  Thus, the oligonucleotide arrays make it possible to not only determine what samples (i.e., specific locations, times) contain what species, but also predict what samples might contain which corresponding suite of toxins.  As a first step towards confirming such predictions, the ESP was programmed to collect an aliquot of the same sample used to generate the probe arrays and used for whole cell archives.  The resulting "toxin archive filter" was stored dry onboard the ESP, recovered post-deployment and shipped to the NOAA Marine Biotoxins analytical facility in Charleston, SC.  Similar to the whole cell hybridization data, changes in DA levels also reflected trends observed on the probe arrays.  In the absence of signal in the "P. aus" channel (Fig 2B panel 1), toxin was not detected, yet when the "P. aus" signal became apparent (Fig 2B panel 3) DA was also detected at a low level.  Maximum toxin values coincided with the greatest abundance of P. australis as revealed by both the probe array (Fig 2B panel 4) as well as the whole cell hybridization results (Fig 2B panel 4a).  The PSP toxin producer, A. catenella, was revealed as a component of the phytoplankton community by sandwich hybridization and whole cell probing (Fig 2B panels 5/5a).  We were also successful in measuring PSP toxins associated with particulate material sampled concurrently, thereby demonstrating our ability to detect multiple phycotoxins on archived filters.

DNA can be extracted from samples collected by the ESP and this material can be used to create gene libraries as a means of assessing species diversity, etc.  To demonstrate this capability we used the Qiagen Plant DNA extraction kit to purify DNA from samples that were collected onto the polycarbonate filters and preserved with the saline ethanol solution (Fig. 3A).  The material recovered was used in a PCR reaction to amplify rDNA sequences spanning a contiguous portion of the small to large subunit genes (Fig 3B).  The resulting PCR amplicons were cloned and subjected to restriction fragment length polymorphism (RFLP) analysis (Fig. 3C).  Ribosomal DNA clones obtained were sequenced (data not shown).  These experiments demonstrate the use of the ESP system as a means of collecting material suitable for facilitating sequence discovery, probe development, and for independent confirmation of results of whole cell and cell homogenate-based assays.

Field test of the moored, subsurface ESP Prototype

The in situ ESP was deployed May 2001 in collaboration with Dr. D. Anderson (WHOI) during a Gulf of Maine NOAA ECOHAB-sponsored field expedition.  One of the objectives of that program was to follow the onset and fate of a toxigenic Alexandrium tamarense/fundyense bloom, particularly the coupling between the distribution of that species and the prevailing meteorological and oceanographic conditions.  A. tamarense can be concentrated along shore with the onset of downwelling favorable winds (Franks and Anderson 1992a, b).  We positioned the ESP in an embayment within Casco Bay, ME, where these cells might accumulate under such conditions.  The instrument was moored in ~30 m of water with the sample processor module immobilized at 5 m (at low tide) and tethered to a surface float (Figure 4).  CTD and chlorophyll fluorescence sensors were attached to the ESP housing; the data obtained from these sensors along with times that the ESP was programmed to sample are shown in Figure 5a.  During the deployment, a short burst of downwelling winds was experienced; the effect on the physical properties of the water column is apparent.  Following this transition, approximately 1-200 A. tamarense per liter were delivered to the mooring site.  A series of DNA probe arrays developed subsurface by the ESP illustrate the appearance of that species (Fig. 5b; middle panel).  At the same time the ESP was sampling, developing prototype DNA probe arrays and sending its data to shore via radio modem, a ship-based crew used a profiling CTD to characterize the water column and Niskin bottles to collect water samples at a depth and location near that of the ESP mooring.  Samples collected manually were then tested for A. tamarense, P. australis and P. multiseries/pseudodelicatissima using a benchtop version of the sandwich hybridization chemistry emulated by the ESP (Scholin et al. 1999).  Results of these tests are shown in Figure 5c (lower panel).  While A. tamarense did accumulate, its concentration was not great enough to warrant public health warnings and shellfish bed closures.  Low numbers of P. australis also appeared to be present in one of the samples.  P. multiseries/pseudodelicatissima were not detected using the ESP nor in the samples collected onboard the ship and processed manually.  To our knowledge, this is the first example of autonomous, subsurface, DNA probe-based detection of a HAB species.
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Figure 5.  Examples of data obtained using the in situ ESP in Casco Bay, ME.  A) Depth, temperature, salinity, and chlorophyll fluorescence recorded onboard the ESP during the deployment.  Blue lines show ESP sampling times; red arrows indicate when bottle samples were collected near the ESP moring; #’s 1-4 correspond to the arrays shown in the middle panel.  B) Prototype DNA probe arrays developed onboard the ESP (as in Fig 2); the two bright spots on the top and left are registration marks; probes for P. australis (top), P. multiseries/pseudodelicatissima (middle) and A. tamarense (bottom) are spotted in quadruplicate.  C) Results of benchtop sandwich hybridization assays (Scholin et al. 1999) for bottle samples; probes used are the same as hose spotted onto the arrays.  Shaded area is non-detection range; values above that indicate a positive reaction; red = A. tamarense, green=P.australis; purple = P.mulitiseries/pseudodelicatissima.

Protocols for printing DNA probes have been refined since the test deployment in 2001 (Fig 6).  An x,y,z translation table is used to deposit ‘probe ink’ at specified locations on the array surface.  The current arrays are fitted with probes for several species of harmful algae representing three different algal classes.  The repertoire of rRNA-targeted probes is currently being expanded to include a number of HAB species (e.g., Tyrrell, et al 2001, 2002), bacteria and invertebrate larvae in collaboration with Dr. Rhodes at the Cawthorn Institute in New Zealand, Drs. DeLong and Vrijenhoek at MBARI, and Drs. Steindiger and Haywood at the Florida Marine Research Institute in St. Petersburg, FL, and Dr. Trainer at the National Marine Fisheries Service in Seattle, WA.

2G ESP Development Plan – A 3 Year NOPP/NSF Project

Limited tests of the ESP system indicated that it is a promising new tool that could enable remote, near real-time detection of specific water-borne nuisance, harmful or toxic species that pose economic or health concerns.  The existing 1G ESP has worked successfully on several test deployments with extensive support by the original MBARI science/engineering design team.  The goal in designing the 2G version is to produce a system that can be successfully deployed for a variety of applications on a routine basis by a team of trained technicians, thus making it accessible to a much larger group of users than is possible at present.  The 2G ESP is building on the same design concepts already validated in the existing units, but incorporating changes that will make it a much more robust, compact and user friendly system.  A major design effort undertaken as part of this project is to reduce the size and complexity of the instrument.  The following list includes some of the significant design modifications now underway under the auspices of the NOPP/NSF, MBARI and Keck ESP projects: 

1) modify the physical layout of subsystems to reduce the overall height of the pressure housing to 30 inches;

2) modify the carousel form factor and mounting mechanism to allow filter holders to be shipped in the carousel;

3) simplify reagent connections and configuration to allow for swapping reagent reservoirs in the field if desired; 

4) decrease the electronics power consumption;

5) add a second puck processing station dedicated to sample collection; 

6) provide for future addition of “analytical modules” that bring new analytical functionality to bear on the existing sample collection/processing platform;
7) add an external sampling module capable of collecting 2L volumes in a single stroke and depressurizing that sample prior to delivery to the ESP (this activity is being supported by a grant from the Keck Foundation in support of research being undertaken by Dr. DeLong at MBARI); and,
8) develop a web-based graphical user interface (GUI).  A geo-referenced display showing the locations of deployed ESPs is envisioned.  Users will be able to access those devices by “clicking” on an instrument node.  That interface will allow for data downloads and instrument programming for registered users.  Links to general information about the ESP, data from previous deployments, information about the organisms detected, etc., as well as other web sites (e.g., ONR/NOPP, NOAA, WHOI red tide, etc.) directly related to ongoing research activities would be available to all that access the site.
The NOPP/NSF 2G ESP development effort is projected to begin April ’03.  The first 2G ESP should be available for science testing by May/June ’04.  This schedule fits very well within confines of this proposal.

Proposed Research and Development

The core functionality of the ESP provides a relatively generic capability for collecting and processing a wide range of environmental samples, and for telemetering data to a remote station for processing and interpretation.  However, for the purposes of detecting molecular markers indicative of human waste as outlined in the Research Proposal I, new sample collection, archival and sample processing capabilities are required.  Meeting those needs demands an integrated science and engineering team that must:

1. define a set of functional requirements that the ESP must meet in order to provide appropriate sample collection and processing abilities as projected in CSPEC Research Project I;

2. design, construct and test under laboratory conditions prototype sample collection and sample processing “modules” that meet identified functional requirements;
3. integrate the sample collection and sample processing modules with the core ESP system; and,
4. deploy the modified ESP in a coastal environment to test the concept of detecting molecular markers indicative of human waste remotely, in situ, as directed by CSPEC Research Project II. 

In pursuit of these objectives a five year research program is envisioned.  An outline of proposed research activities over each of these years is given below.

Year 1 – establishing instrumentation functional requirements

The minimum volume of water required for analysis, the steps taken to concentrate target organisms, and reagents needed for preserving, extracting, amplifying and detecting target nucleic acids, etc., must be understood prior to determining whether the 2G ESP is an appropriate platform for ultimately automating the desired analyses.  Many of these critical parameters are already known and are detailed in Research Proposal I.  This provides a firm foundation for beginning the process of distilling that knowledge into a document that captures key functional requirements and workable sample collection and processing protocols that are essential for initiating engineering solutions envisioned.  Year 1 of this project will be dedicated to these tasks.

A detailed list of functional requirements will be derived as a result of an iterative series of meetings and lab tests whereby those on the instrument design side of the project will examine the analytical process in question and offer options and alternatives for how such needs might be met.  Those workers on the assay development side of the project will adjust their research activities to determine if engineering solutions in existence at that time, or proposed, are more or less appropriate for conducting the desired analyses.  Etc.  These “push-pull” iterations will serve to direct basic research activities for testing alternative solutions without necessarily having to build any new instrumentation at the earliest stages of this project.  This same process has been used successfully throughout the development of the ESP system.

Functional requirements will be broken down into three categories:

1) sample collection and archival;

2) nucleic acid extraction and archival; and,

3) nucleic acid processing and target molecule detection.

First priority will be given to developing protocols and instrument design solutions that enable remote, autonomous sample collection and archival capabilities that are compatible with laboratory-based sample processing requirements.  At a minimum, this will enable CSPEC researchers associated with Proposals I and II to test a wide range of hypotheses that are very difficult if not impossible to address using ship-based sample collection schemes only.

Natural samples will be subjected to different filtration and/or immunosorbtive protocols in the laboratory to refine methods for concentrating target organisms as detailed in Research Proposal I.  Those concentration schemes that are found to be most appropriate will then be advanced to a second phase of experiments wherein samples are treated with various stabilizing reagents such as saline ethanol (Miller and Scholin 2000), Lugol’s iodine or RNA Later (Ambion; etc.).  All of these reagents are stable at room temperature and all are consistent with archival of nucleic acids for extended periods of time in the absence of refrigeration (RNA Later does have some time dependency on temperature for RNA stablility).  Replicate samples stored in these types of reagents will be subjected to laboratory processing protocols defined in Research Proposal I to empirically determine what method offers the best sample stability over time relative material processed immediately after collection.  These protocols can be prototyped in the lab with standard and custom filtration apparatus that allows one to collect and store samples under wet or dry conditions (e.g., Miller and Scholin 2000).  The laboratory experiments will in turn define functional requirements that will be mapped against the 2G ESP’s capabilities.

At this time, the 2G ESP conceptually meets most of the projected needs for automating sample collection and preservation.  For example, the 2L external sample module under development now could be used to pass a sample over a GF/F pre-filter (“puck 1”) to reduce particle loading, then passed through a second filter (“puck 2”) that contains a filter and/or immunosorbtive media for capturing targeted organisms.  The latter puck is conceptually consistent with the filter and “column” concentration options detailed in Research Proposal I.  Under this project, we would also extend that method to include addition of treatments for stabilizing nucleic acids using the reagent pumping capability as has been done in the past (“dry storage”, Figs. 2, 3) and also explore “wet” storage using a new puck design that incorporates check valves.  Sample collection and archival schemes will be validated to the extent possible on the 1 G ESP, and then on the 2G ESP fitted with the external sampling module once that unit becomes available (~June ’04). 

After the functional requirements for sample collection and storage are documented and methods derived that will work on the ESP platform, we will consider the next step of extracting and purifying nucleic acids using guanidinium thiocyanate (GuSCN) lysis reagents and solid phase extraction chemistries as directed in Research Proposal I.  This requirement is consistent with capabilities of the existing ESP.  Preparation of sample homogenates for use in developing rRNA-targeted DNA probe arrays in the ESP already employs a GuSCN-based buffer and heating to promote cell lysis (Scholin et al. 1996, 1999).  The requirement for purification can be met by passing that lysate over a glass bead matrix contained in separate puck, washing, and eluting in a small volume in step gradient fashion as proposed in Research Proposal I.  Just as sample homogenates are recovered in theESP’s reagent syringe following cell lysis, so too can the purified nucleic acid (e.g., 10 – 100’s µl) be recovered from the “purification puck” and used in down stream reactions.  Indeed, the same matrix used for DNA purification could be used to archive that material if desired (e.g., see below).  As with sample collection and storage tests, validation of this functionality using the ESP will follow methods developed using manual sample processing schemes in the laboratory scaled relevant to that capable of being done on the ESP.  The resulting extracts will be subjected to reference analyses as defined in Research Proposal I to evaluate their performance.  If those tests prove satisfactory, then the same protocols will be tested on the ESP and the material recovered subjected to analyses as those samples processed manually.

Lastly, we will consider functional requirements for nucleic acid amplification and target molecule detection.  Nucleic acid amplification is perhaps the most challenging aspect of this project.  Specifications for carrying out the desired reaction are well defined.  Meeting those needs in the current analytical scheme demands dispensing a constant amount of DNA template, accessing appropriate reagents that are stable over extended periods of time (e.g., 2 weeks – 1 month) at ambient temperature (e.g., 10-20oC), preparing the reaction mixture itself (e.g., 25-50µl) and thermocycling that material.  We envision a need for detecting multiple reaction products contained in a single sample simultaneously.  This requirement can be met using a DNA probe array with optical or electrochemical signal transduction.

There are a large number of potential targets that can serve as indicators of human waste (see Research Proposal I).  However, for the purposes of this project a limited number will be defined that can serve as an indicator of sewage, and whose simultaneous detection is possible in one to several different amplification reactions (e.g., 1-3 different sets of primers and reaction conditions each of which targets multiple signature sequences; each reaction could be run on the ESP separately).  The requirements for small volume reagent dispensing and mixing are already embodied in the 2G ESP design, and there are many ports for handling different reagents, including several sets of amplification primers and control templates.  Carrying out the amplification reactions can be accomplished in one of two ways: a dedicated puck that holds a small volume of fluid (e.g., 50μl) and thermocycling capability built into the puck clamp, or by incorporation of single use, microfluidic module such as that developed by STMicroelectronics (www.st.com/mems).  From an engineering perspective, either approach offers a tractable set of requirements that fit well within the overall 2G ESP design concept.  However, at the present time we project the former to cost far less to implement for concept testing than the latter.

Detection of amplification reaction products can also be accomplished in one of two ways: use of arrays fitted into pucks as is done currently on the ESP (these arrays could be reusable), or by using a commercially available microfluidic module such as the Motorola eSensorTM chip (www.motorola.com/lifesciences/esensor/ ) or STMicroelectronics device that embodies both amplification and array-based detection components (etc. – other commercially available options are possible).  Again, both approaches offer potentially viable solutions to the problem, but use of the CCD detector currently built into the ESP will be less costly to implement initially.  Semi-custom electrochemical-based detection schemes will be pursued if concept tests prove it to be a viable and better approach overall than the optical transducer.

While there are a number of very tractable options for meeting functional requirements associated with nucleic acid amplification on the ESP, there remain many issues regarding the reactions themselves, such as metering a constant amount of DNA into a mixture and accessing reagents that are temperature stable.  The actual amount of template desired per reaction must be determined empirically based on standard laboratory analytical procedures applied to environmental samples (Research Proposal I).  It is unlikely that there will be a single concentration that is optimal for all samples, but there is likely a single concentration derived from a given purification protocol that on average will work for many if not most samples.  The most likely scenario for providing that material on the ESP would involve collection, extraction and purification of nucleic acids as outlined earlier.  The total amount of material recovered would always exceed that required for a single amplification reaction.  Providing a constant amount of DNA for downstream reaction and archival of remaining material for subsequent analyses can be accomplished readily using the ESP’s pucks.  For example, after eluting nucleic acids from the initial purification column (puck), material recovered can be mixed with an appropriate buffer and a portion passed back over the same column to capture and physically isolate nucleic acids for archival purposes.  The remaining material can then be passed over a second solid phase extraction column (puck) that has a very limited biding capacity deemed most appropriate for a single template concentration amplification reaction (e.g., 50 ng), washed, eluted and recovered as before.  In this fashion one could meter a constant amount of nucleic acid in a constant µl scale volume, and simultaneously archive a much larger amount of that template for subsequent, higher fidelity, laboratory-based analyses once the ESP is recovered.

Reagents required for performing the amplification reaction could be stabilized in the ESP in a number of ways.  One option is to hold pre-mixed reagents in solution for an extended time.  In this case reagents would be held in small volume reagent bags that could be custom fabricated with appropriate fluid connections (e.g., as is done now using bags produced by Stedim, Inc; www.stedim.com).  A second more attractive option is to use commercially available, pre-stabilized reagents such as Ready-to-GoTM PCR and RT-PCR Beads supplied by Amersahm Biosciences.  Each bead contains pre-mixed, pre-dispensed reaction components for a single amplification reaction, and the beads are stable at room temperature.  A Ready-to-GoTM bead would be isolated in a specialized puck that has a small volume reaction chamber specifically designed for accommodating thermocycling and amplification reactions.  For PCR, each bead contains Taq DNA polymerase, nucleotides and buffer.  Similarly, Ready-To-Go™ RT-PCR Beads contain M-MuLV reverse transcriptase, RNase inhibitor, buffer, nucleotides and Taq DNA polymerase.  In either case, the only additional reagents required to complete the reaction mixture are water, template DNA and primers, all of which could be supplied by the ESP and added to a puck containing the appropriate bead.  A control template, with corresponding probe on the DNA detection array, would be added in the primer mixture so that efficacy of the amplification can be assessed.  Different sets of primer/control templates could be plumbed to accommodate a variety of different amplification reactions when the instrument is deployed. 

Year 2 – establishing functional requirements and instrument prototyping

Definition of functional requirements and tests of methods that could be used on the ESP are readily achievable using commercially available products and laboratory equipment available at participating CSPEC laboratories.  Each step of sample processing, from collection to extraction to amplification and detection, can be validated in the laboratory before integration on the ESP and tested in a manner consistent with the ESP’s processing capabilities.

Within approximately six months of the start of Year 2, we expect to have completed defining the functional requirements and will have validated protocols to the maximum extent possible without building new hardware.  At that point, we will proceed with engineering activities required to modify the ESP core system so that it meets necessary specifications.  Specifically, this phase of the project will involve design of required analytical components (e.g., new filter pucks, thermocycler, etc.), building of test fixtures for laboratory tests to validate those new modules, and laboratory tests of protocols in which those modules are employed.

Year 3 – ESP modification and field testing

By end of Year 2 and the beginning of Year 3 we expect to begin integrating required analytical modules into a 2G ESP that will be dedicated to CSPEC.  Once the ESP is fitted appropriately, samples will be processed in parallel using that system as well as “standard” manual methods for reference purposes.  Performance of the ESP will be checked and components/protocols modified as necessary to achieve satisfactory results sufficient for routine, unattended sample analyses.  Once that milestone is achieved, we will deploy the ESP in a coastal location as directed by Research Projects I and II.  MBARI personnel will provide detailed instruction on how the ESP is deployed, serviced, etc., to appropriate CSPEC members that ultimately will be responsible for its routine operation.  Real-time telemetry of results and instrument status indicators will provide a basis for judging the overall performance of the instrument as has been done in past ESP deployments.  When possible, samples will be collected at a location near that of the ESP mooring at the same time it is collecting and processing material.  These samples will be used for comparative purposes to determine if molecular indicators successfully archived and detected aboard the ESP agree with those detected in samples collected manually.  Contextual environmental sensors (CTD, fluorometer, etc.) either integrated onto the ESP mooring and/or provided by CSPEC partners under Project II will be used to place samples collected and signature molecules detected in an environmentally relevant context.

Year 4 – ESP field testing

By the end of Year 3 and the beginning of Year 4 our goal is to have tested the ESP in the coastal environment over at least a several month period.  Continued deployment and lab testing may reveal additional modifications that will be addressed on an as-needed basis.  For example, we may find it necessary to modify a mooring component or adjust data telemetry or replace certain reagents with alternatives, etc.  If the test deployments prove successful, then we would build an additional 2, 2G ESPs to match those of the existing unit, incorporating any design changes identified as a result of experience gained to date.  If necessary, the first CSPEC ESP will be modified to match those of the new units.

Year 5 – field studies using a suite of ESPs deployed simultaneously

By the end of Year 4 and beginning of Year 5 we expect to have a pool of 3 ESPs that will be available for field studies.  Our goal is to deploy a network of ESPs at geographically distinct locations as required by Project II, with each ESP performing the same set of analyses simultaneously.  This network would be repositioned occasionally during tests in different regions of the study area.
Integration with Research Proposals I and II

This project will be tightly coordinated over the 5 year performance period with activities sponsored under CSPEC Projects I and II.  Project I provides the foundation for defining the functional requirements of instrumentation suited for in situ, remote near real-time detection of molecular markers indicative of sewage in coastal waters.  Project II provides the environmental context for positioning sampling stations, directing field studies, testing hypotheses regarding sources and fates of target materials, etc.  Access to the autonomous sample collection and processing abilities of the ESP will allow CSPEC partners to generate unique, visual data products for researchers and resource managers.  In the event one or more of the targeted molecular markers is detected remotely using the ESP, then an appropriate response such as increasing the frequency of sample collection and archival onboard the ESP or responding with manual, ship-based sampling can follow as dictated by Project II modeling projections.  The sea-going capabilities of CSPEC partners and MBARI will allow for the placement and servicing of an ESP network at sites within the study area as desired.

Facilities

MBARI is a non-profit marine research organization founded by David Packard that is dedicated to merging the talents of scientists and engineers to develop novel methods and instruments for studying the world’s oceans (for more information see: www.mbari.org).  MBARI owns and operates three oceanographic research vessels, two remotely operated vehicles (ROVs), and a fleet of moorings and autonomous underwater vehicles (AUVs).  MBARI ship operations currently extend from Monterey, CA, to the US/Canadian boarder, Mexico and Hawaii.  Complete machine and electronics shops are used to design and fabricate custom oceanographic research instrumentation, including mechanical, electrical and software components.  Testing of oceanographic research equipment takes advantage of an on-site pressure test tank, seawater test tank, running seawater walk-in cold room facilities, and ship operations capabilities.  Molecular biology science labs are equipped for all aspects of nucleic acid analyses, including sample storage, nucleic acid extraction, purification, cloning, automated sequencing, computer facilities for conducting sequence comparisons, DNA probe development, DNA probe array synthesis and analysis, whole-cell hybridization, etc.  MBARI maintains culture collections of a variety of HAB species (dinoflagellates, diatoms, raphidophytes) as well as non-toxic diatoms and dionoflagellates.  Several epifluorescence microscopes as well as a stereoscope equipped with digital photographic documentation equipment are available in the PI’s laboratory. There are a number of MBARI research programs that compliment and greatly enhance the work proposed here.  For example, the biological oceanography (Chavez et al.), chemical sensor (Johnson et al.), microbial genomics (DeLong et al.,) and deep-sea organism population genetics (Vrijenhoek et al.) programs provide rich scientific backgrounds and databases against which the ESP can be integrated and its performance tested. 

Budget Justification

Funds are requested to support a dedicated science and engineering team that will focus on the needs of the CSPEC group for the duration of this project.  Scholin (Science P.I.) will spend 1 month per year coordinating ESP research and development efforts.  A postdoctoral researcher will be assigned to the project full-time over the first 3 years of the study, after which this person will be eligible for promotion to Research Associate and could seek additional extramural funding at that time.  The science postdoctoral researcher will be responsible for day-to-day lab tests as outlined above, will coordinate with research activities taking place under Research  Proposal I, will work with personnel at MBARI to develop the ESP system components as outlined above, and participate in training and field studies as required.  The engineer (mechanical designer) will be responsible for translating the functional requirements to working analytical modules that can be integrated into the 2G ESP, for documenting, assembling and servicing CSPEC ESPs, and will participate in training activities and field studies with CSPEC participants when needed.  Travel funds are requested to support regular meetings between CSPEC partners to coordinate research efforts and to support ESP deployments and technology transfer.  Science supplies cover all costs associated with expendable plastics, buffers, DNA probes and primers, enzymes, gel electrophoresis consumables, filter media, collection and processing of natural samples, and supplies for testing and deploying the ESP during field trials (e.g., batteries, reagents, DNA probe arrays, filter media, etc.), etc.  Engineering supplies cover all costs associated with prototyping and building the required sample collection and analytical modules (raw materials such as aluminum and PEEK, wiring, computer control boards, software development tools, valves, tubing, custom parts fabrication, etc).  Cost of a single, custom-built ESP, complete with 125 pucks, reagent delivery system, computer control, CCD camera array detection system, pressure housing, mooring gear and real-time telemetry system, is currently estimated at $55K.  If functional requirements as defined in Years 1-2 are met with development of necessary analytical modules, then one ESP dedicated to CSPEC will be built and field tested in Year 3.  If those tests prove successful, then 2 additional ESPs will be built in Year 4 and added to CSPEC’s instrument pool.  Funds to modify those instruments so that they incorporate required sample collection and processing modules are included ($7.5K each = $15K).  Funds are also requested to offset costs associated with maintenance and repair of equipment (e.g., ESP hardware and mooring components).
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Figure 6.  Custom DNA probe arrays printed on filters and developed in the ESP.  Images show target organisms and corresponding array image.





Figure 5C





Figure 5B





Figure 5A





� EMBED PowerPoint.Slide.8  ���





Figure 4.  Mooring with the ESP at 10m.  The depth of mooring anchor and tether as well as the ESP sample intake are adjustable.
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Figure 3.  Use of the ESP to collect samples for nucleic acid analysis.  A) Extraction of DNA from samples collected manually (13199_C1, 29999_C-1: 400 ml whole water onto 0.65 µm Durapore filter, stored frozen until processing) versus using the ESP system (Geno 18, 19: 50 ml whole water onto 3 µm filter, treated with saline ethanol onboard the ESP, stored desiccated until processing).  B) PCR amplification of ribosomal RNA genes (rDNA) from the material extracted.  C) Examples showing restriction fragment length polymorphism (RFLP; Hae III digest) analysis of rDNA clones obtained from Geno19.  S= size standards (Kbp).





Figure 1.  Major components of the 1G ESP system fitted for autonomous, subsurface operation (see text for details)
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