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Abstract

Here we report on a robotic system known as the Environmental Sample Processor (ESP) that conducts molecular biological analyses in situ as a means of identifying and quantifying a variety of microscopic organisms at oceanic depths up to 4000m. The ESP concentrates microbes through filtration and then detects these microbes using low-density DNA probe arrays, protein arrays [1-3], and real-time quantitative PCR [4, 5]. Samples can also be preserved for further analysis after instrument recovery [6]. The deployment platform also carries external chemical and physical sensors to provide contextual measurements of the surrounding environment.  
Because the ESP performs all collection and analytical functions within a one-atmosphere pressure housing using fluidic equipment rated for only 500kPa, several technical developments were necessary to acquire high pressure ambient water samples for processing by the core instrument. This 4000m depth-hardened version of the ESP is referred to as the Deep-Sea ESP, or D-ESP. 
The D-ESP platform was designed to be easy to deploy, recover, manipulate while on the seafloor, and operate on batteries if necessary. In addition, the sample intake system can target specific areas nearby on the seafloor, safely collecting heated water from diffuse hydrothermal vents. 
Here we report preliminary data from the deployment of D-ESP into the caldera of an active underwater volcano off the Oregon coast from July 15-20, 2011. To accomplish this, a number of items required special engineering consideration:
Pressure Housing

The core detection instrument in the D-ESP is a robotic fluidic lab that handles raw seawater and chemical reagents. (fig. XX) It required years of engineering effort to develop and refine this instrument, however it is significantly larger than common deepwater pressure housings such as 43cm glass spheres. Rather than attempting to miniaturize the core robotics, it was more effective for cost, risk, and schedule, to build a large titanium housing for the instrument. This spherical housing, over 1m in diameter, was machined from near-net-shape castings and hyperbaric tested to 41.4 MPa for ROV service to 4000m. It provided the main pressure housing for the D-ESP system, but was also the major buoyancy element in the deployment platform. A detailed description of the design and fabrication of this housing is a separate manuscript.
(image of ESP instrument and sphere?)

The ESP instrument has temperature limitations due to the reagents used. Some reagents need to stay between 10 and 30C. Once again, it was more effective to setup a process for heating the sphere rather than try and develop cold temperature reagents and chemistries.
Therefore sphere has heaters, thermostats, and an insulation blanket just inside the shell. When deployed it takes and average of 50W to maintain an air temperature about 10C above ambient. Additional insulation could be added, but there is also the upper temperature limit. All the power conversion and battery charging equipment is located in the sphere, and any waste heat is exhausted inside the sphere. This has the benefit of utilizing the waste heat when deployed, but also means that when the sphere is closed but not submerged, it must be operated in a cold room, otherwise the upper temperature limit may be reached. Power requirements will be discussed in more detail later in this manuscript.
In Situ Pressure Reduction

To collect the particles for microbial detection, the core ESP instrument requires raw seawater to flow through its filtration stage. However, the fluidic components inside the instrument are rated for 500 kPa service and cannot contain ocean pressure deeper than 50m.
(figure of ESP filtration stage.)

For the same reason that we did not try to miniaturize the instrument, it was intractable to modify the robotics and fluid components to directly sample water at 4000m depth. Instead, we developed a pressure-modifying interface called the Deep Water Sampling Module (DWSM) which allows the ESP instrument to function within a low-pressure envelop while deployed in the deep ocean. 

The DWSM functions as a decompression gateway for a volume of seawater to be conveyed from the ambient sea pressure to the low pressure instrument. It accomplishes this by drawing in a sea water sample, up to 10L, at ambient pressure, decompressing the sample to the instrument’s pressure, feeding that sample through the filtration stage, collecting the filtrate water in a downstream reservoir, recompressing the downstream reservoir to the ambient ocean pressure, and emptying the filtered sea water back to the ocean.
The DWSM assembly is outside the main pressure sphere and is composed of flexible water reservoirs housed in hydraulic oil chambers. The system also has oil pumps, valve manifolds, and an oil reservoir at ambient pressure. The oil pumps create differential pressures in the chambers to fill and empty the seawater reservoirs, and a high pressure oil pump creates the decompressed state. In this manner the pumps do not suffer corrosion from seawater contact, nor are microbes in the seawater destroyed from passing through a pump. Recompression of the system is accomplished by allowing the ambient pressure oil to flow back into the chambers via a restriction valve.
(DWSM) Diagram?


Benthic Lander
When deployed, the Deep-ESP system is a free-fall benthic lander, about 2.5m tall and 2m in diameter (Fig. 1). This assembly contains the ESP and DWSM, batteries, buoyancy foam, and a drop weight with release system.  There are also seawater physical and chemical sensors that provide additional context about the seawater that corresponds with the timing of the ESP sampling event. Typical sensors are an In Situ Ultraviolet Spectrophotometer (ISUS), an In Situ Mass Spectrometer (ISMS), and a CTD with flouometer and oxygen sensor.  The lander has beacons for tracking and  an acoustic modem for communication with the system while deployed and for actuating a galvanic corrosion burn-wire to release the lander’s drop weight. RF and GPS tracking system are aso used to find and track the instrument when it returns to the surface. There is also typically a cable and plug for connecting the Deep ESP to a submarine cable node, ROV or external battery pack. This cable is usually short, 10m, for ROV connections, but up to 70m has been used to connect to a submarine cabled node.

Although the mass of the Deep-ESP lander can be up to XXXXkg, the lander’s weight in water is trimmed by adding or removing syntactic foam blocks so that it is between XX and XXX N heavy during descent. After releasing the XXX N (weight in seawater) drop weight, the lander becomes XX and XXX N buoyant and freely ascends to the surface. During descent and ascent, the Deep-ESP travels through the water column at about 30m/min.
The low in water weight not only allows for free descent/ascent but also allows for the Deep-ESP to be picked up and relocated by an ROV. A common question that gets asked is what happens if the lander falls over when it lands on the sea floor. That cannot happen, otherwise it would always turn upside down during the free descent or ascent. 
The lander has been designed to have the center of buoyancy of the assembly much higher that it’s center of mass. The lander has a very strong righting moment, and will return to upright if external forces act on it. No matter how uneven the seafloor may be, the lander will tilt no more than 6 degrees from vertical.
The typical deployment scenario calls for dropping the lander a few hundred meters away from the intended research area, avoiding dangerous terrain like chimneys, steep crags, a thin crust, very soft sediment, or even other equipment. The risk of which would be the lander getting wedged or stuck. An With the low in-water weight, the ROV’s manipulator can pick up the platform and carry it to the specific research site, which has usually been surveyed already. At that location the Deep-ESP is set back down and setup.

Power and Energy Storage

The Deep-ESP is not a low power system, but it has been designed to ... Depending on the mission plan and context sensors, it can draw 50 to 600W for short periods. The system is designed to typically be powered from a continuous supply, such as a submarine cable. However, the lander does have onboard batteries to buffer the incoming power, but also to operate for a short period at locations without submarine power. The lander can be fitted with up to 8kW-hr of pressure compensated lead acid batteries. Without incoming power, these can supply the instrument and the typical context sensors for about 48 hours. 
As mentioned earlier, the capacity to recharge these batteries has been included and is typically limited by the capacity of the incoming line…
(power diagram)

Fig. 1.  D-ESP lander just before deployment. Titanium sphere houses the ESP instrument.  In this view, DWSM is on the opposite side of the sphere.

Sampling Wand System
A significant capability of the D-ESP system is that it can sample different water patches within a local area, enabling the comparison of microbial populations at various seeps, vents, and ambient water. This source selection is accomplished by a tree of centrifugal pumps and check valves, each pump is able to supply a separate source water to the common header that feeds the DWSM and context sensors. These pumps are selected by the D-ESP, and such switching of source water does not require ROV servicing to reposition the instrument or intake tubing.
Only the water supplied by the powered pump is fed to the header, and the check valves prevent back flow of water to the other sources. After passing through the last context sensor, the water is exhausted to the ocean about .5m above the sea floor, on the opposite side of the lander from the ambient seawater source, which is ~2m above the seafloor.
A wand assembly attached to one pump allows the intake of seawater from a source up to 15m from instrument. The wand head is an angled titanium tube with a screened intake to prevent particles larger than XXX from clogging the ESP instrument, and can be placed into cracks and vents to sample that specific water. The first X.Xm of the flow path is titanium tubing to act as a heat exchanger, cooling the vent water prior to being brought into the DWSM, ESP, and contextual sensors. 
The wand head also contains a remote temperature sensor, to record the water temperature at the source point. This temperature is monitored and logged via an auxiliary data channel on the CTD instrument.
 (Diagram, JdeF Wand, modified to show more optional pumps and valves.)

(Describe diagram)

Battery Sleds

As previously described the Deep-ESP platform was designed to operate continuously when powered from a submarine cable or for short time periods with onboard batteries. Because of the instrument’s power demands and the lack of submarine cable power at Axial seamount for the 2011 deployment, we developed in situ charging processes and auxiliary battery sleds to augment the onboard battery power. 
(Table of major power consumers. )

(Diagram of power options. On board, ROV supply, submarine cable, and battery sleds.)

The battery sleds are a 
This extended the D-ESP operating time, maintaining power to ESP and context sensors in the event that the ship/ROV needed to be recalled for extended periods. The battery sleds were deployed, swapped and recovered with the ROV (Fig. 2).
Fig. 2. Deep ESP deployed at the ASHES vent field within the Axial seamount caldera.  An auxiliary battery pack is being repositioned by ROV.

The acceptable weather window at Axial seamount can be short and unpredictable, and measures were taken to best ensure that the D-ESP could be recovered if the weather forced a deployment cancellation, or if the ROV became inoperable. The Deep-ESP lander does have an acoustic release for the drop weight, and will return to the surface via free ascent It can tracked from the ship. However, the underwater mateable connector that enabled the use of battery sleds and recharging from the ROV, was a risk to recovering the platform. 

The battery sleds are more than the buoyancy of the lander after the dropweight is released. If the sled cone

It is not uncommon for any ROV to suffer a system failure when submerged that makes it inoperable If this happens while submerged, unpowered haul up as the only means of recovery. The arrangement of the connector from the ROV to the Deep-ESP had to be arranged so that it would separate. In this situation if the D-ESP were still connected to the ROV, severe damage to both piece of equipment would be highly likely.

In the same manner, the D-ESP needed to be recoverable via the acoustic modem only, in the event that the ROV could not dive to separate the D-ESP from the battery sled.

(Image of inline connection) 

 Recovery Concerns
When connected to the ROV or the battery sleds, careful attention was paid to minimize the risks…
The underwater mateable connectors were removed from the connection rack and allowed to lay freely on the seafloor. The connectors were tethered to the cables such that tension on the coupling would pull in-line and seperate the connectors. freeing the ROV from the D-ESP, or freeing the D-ESP from the battery sled.

Axial Seamount Deployment

Axial Seamount is an active underwater volcano ~470km west of the Oregon Coast with a recorded history of eruptions, the most recent being in 2011.  We deployed the Deep-ESP in a diffuse vent field known as ASHES (Axial Seamount Hydrothermal Emissions Study) to determine if microbial populations from diffuse flow vents could be distinguished from those living in the surrounding benthic water autonomously, in real-time. Diffuse flows are typically mixed and cooler than black smokers or chimneys, <100C. Sulfide mounds, bacterial mats and macrofauna can be common around these slow discharges.[8]
The lander was dropped onto a smooth lava flow, ~150m northeast of the field. Using the ROV, a suitable vent was found for the test series and the instrument picked up and repositioned in a safe spot about 10m from the vent. The wand system was deployed, permitting sampling from both the diffuse flow vent and the ambient water at the lander. 
Over five days the Deep-ESP collected several water samples from both the vent and the ambient water, some samples were processed immediately by the instrument, but many archive samples were also taken for further analysis in the lab. The context sensors continuously recorded the physical conditions of the water being sampled. The ROV was used to swap the battery sleds, which got recharged nightly aboard the ship, but also to plug in directly to the Deep-ESP to have a much faster data connection and recharge the lander’s batteries. With the battery arrangement we were able to devote significant ROV time to other research around the vents, rather than just powering the Deep-ESP. We did have two days in which the ROV was not operational, but with the onboard batteries, battery sleds and back charging, the Deep-ESP mission was completed with minimal disruption. 
The contextual sensors on the wand and lander showed significant difference in water properties being taken into the instrument for analysis, indicative of the different source waters (Fig. 3A). Real time quantitative polymerase chain reaction performed in-situ by this system shows a difference in 16S gene abundance between the two sources (fig. 3B) and in-situ sandwich hybridization assay (a direct detection method of ribosomal RNA with no amplification) also shows different community structures in the vent and ambient water sources. 
Fig. 3.  Data obtained while operating the D-ESP at ASHES.  (A)  Temperature/salinity plots from context sensors show samples collected are from two distinct sources; (B)  Real-time qPCR shows differences in gene copy number (Group 1A and AOAb genes) depending on collection site; (C) Sandwich hybridization shows differences in rRNA community structure when sampling away from or within the vent.

Conclusion
A real-time in-situ microbial analysis and archival instrument, which includes ocean physical and chemical context monitoring, has been developed for use to 4000m ocean depth. The Deep-ESP is a continuation of a technology tree that brings real-time in-situ microbial analysis to new environments. The general concept is to use an environmental interface to a core detection instrument so that it can function under extreme conditions. Other versions are used on shallow water moorings, open ocean drifting platforms, and on piers above the sea level. At the time of this writing, the Deep-ESP is deployed and operating on the Monterey Accelerated Research System (MARS) in Monterey Bay.[9]

Discussion/Conclusion
In-Situ analysis and collection (archive) same core instrument, environment interface (Deep, moored, pier, drifter.)
Other ESP deployment methods

Adative Sampling

In-situ incubation experiments
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