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Abstract: The use of engineered plants as biosensors has etegbnt strides in the past
decades, providing keen insights into the healtplarfits in general and particularly in the
nature and cellular location of stress responseswveder, most of the analytical

procedures involve laboratory examination of tr@sbnsor plants. With the advent of the
green fluorescence protein (GFP) as a biosensaaulel, it became at least theoretically
possible for analyses of gene expression to oetemetrically, with the gene expression
information of the plant delivered to the investayaover large distances simply as
properly processed fluorescence images. Spaceflightt other extraterrestrial

environments provide unique challenges to plar, liéhallenges that often require
changes at the gene expression level to accommadatatation and survival. Having

previously deployed transgenic plant biosensorset@luate responses to orbital
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spaceflight, we wished to develop the plants ampe@ally the imaging devices required
to conduct such experiments robotically, withoutembor intervention, within

extraterrestrial environments. This requires theettgpment of an autonomous and
remotely operated plant GFP imaging system and aronant development of the
communications infrastructure to manage datafloemfrthe imaging device. Here we
report the results of deploying a prototype GFPgimg system within the Arthur Clarke
Mars Greenhouse (ACMG) an autonomously operatedngause located within the
Haughton Mars Project in the Canadian High ArciResults both demonstrate the
applicability of the fundamental GFP biosensor textbgy and highlight the difficulties

in collecting and managing telemetric data fromlleinging deployment environments.

Keywords. Green Fluorescent Protein, telemetry, Mars, agitogy, analog
environments

1. Introduction

Transgenic plants, engineered with promoters dyivtime production of conveniently detectable
protein products, have proven to be remarkably mosed robust tools for the dissection of gene
activities. Such transgenic reporter gene constmst have been used broadly across multiple
biological disciplines, in studies ranging fromdarscale genomic studies of expression patterns of
unknown genes and gene networks, to the fine soapping of the expression patterns and
characteristics of individual specific genes. Ré&gorgene constructions have employed many
detectable protein products, including antibioticherbicide resistance proteins that govern growth,
enzymatic activities such gsglucuronidase (GUS) that produce visible prectpgan plant tissues
when presented with appropriate substrates, ahtldigitting proteins such as luciferase and thergre
fluorescent protein (GFP). While all these classieeporter gene construction have proven valuable
for a variety of applications, constructions usiBgP are being utilized ever more widely since the
assay procedure does not affect plant growth anelolement, whereas other methods require the
addition of a substrate and usually sacrifice & gtant. To visualize GFP the plant need only be
illuminated with a specific wavelength of light amdaged at another wavelength, and the plant is not
damaged in the process [1, 2].

As an increasing number of genes become extremaly wharacterized in terms of the
environmental conditions that affect their expressithe promoters of these genes can in turn be
deployed as effective in situ and in vivo sensdrglant reactions to their environment. For exaraple
genes induced by cold, heat, drought, floodingchouheavy metals, nutrients, light quality and
atmospheric gas content have all been well charaete[e.g.: 3, 4-8]. When the promoters for these
genes are coupled with GFP in reporter gene cariging within transgenic plants, those plants
become incredibly effective monitors of those maitir environmental conditions, identifying both
quantitatively and qualitatively the cells, tissuesd organs of a plant responding to the condition.
Once well characterized in controlled environmentaiditions, transgenic reporter gene plants can be
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deployed to unknown or poorly characterized envitents as useful biological monitors to examine
the biological response to those environments.

Extraterrestrial environments present unique chgls to terrestrial organisms, presenting
conditions that have not been faced during biokgevolution on Earth. Altered gravity, hard
radiation levels, atmospheric compositions andt leggralities are all likely to be encountered initah
lunar and Martian habitats — habitats most likelyoé encountered by humans and the organisms that
will accompany humans. Plants certainly have bemh &ill be a part of human spaceflight and
extraterrestrial habitation efforts as parts ofrégenerative life support systems [9, 10]. Theefar
clear understanding of plant responses to extestigial environments is not only an interestinglgtu
of the limits of biology in the solar system, blgaa strategic human life support imperative.

TransgenicArabidopsis thaliana (Arabidopsis) plants employing GUS as part of teporter
construction have been used in orbital space shexiberiments to examine specific gene responses to
the spaceflight environment [11, 12]. Astronautsvlsated the plants on orbit and conducted the
staining experiments necessary to see the GUSteggmne activity. The plants were returned toltart
and the results from that study have helped cheniaetplant responses to spaceflight. Howeveryéutu
spaceflights will have limited access to crew tifoe experimentation. In addition, early biological
experiments in High Earth Orbit, on the moon andvams are very likely to be robotic or autonomous
missions requiring that gene expression informatben returned to Earth via telemetry. Further,
tradeoffs between internal pressure, structurey ¢cmme, etc. will dictate whether human tending of
future bio-regenerative life support systems wid practical. Thus transgenic plants expressing
environment-specific GFP are being developed, athestechnology to obtain and transmit GFP
fluorescence images telemetrically [2, 13].

This paper focuses on the deployment of a pypeobf a spaceflight-capable plant GFP imaging
system within an extraterrestrial habitat analbg, Arthur Clarke Mars Greenhouse at the Haughton
Mars Project Research Station on Devon IslandenGhnadian High Arctic. This project was devised
and conducted in order to take a laboratory proneging concept and develop the requisite software,
hardware, systems and communications capabiliiméee that concept to a high level of practical
technology readiness within a challenging operaii@emvironment.

2. Materials, Equipment and Context
2.1. Transgenic Plants

The species chosen for these experimentr abidopsis thaliana (Arabidopsis), a model plant that
has a rich genetic and molecular biology backgroamd a strong spaceflight heritage. Arabidopsis is
also among the most understood of plants with degéo reactions and adaptation to environmental
stresses, and when transformed with reporter genstruictions, Arabidopsis is a proven platform for
development of phytosensors based on gene expnessio

The green fluorescence protein used in these plantsferred to as GFP S65T, a “red shifted”
version of the original jellyfish GFP [14-16]. TH&FP was engineered to have a peak excitationgat 48
nm and peak fluorescence at 512 nm, and has bedvydd widely in the laboratory environment as a
reporter for plants [1, 17, 18]. Similar engineevedsions of GFP have been deployed in other specie
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[19]. Plants containing a GFP reporter construotedr by the constitutive CaMV 35S promoter, as
well as control plants without any GFP, were chdeertomparison in this demonstration project. The
construction of these plants, as well as the uskesie plants and those with environmentally inoleci
GFP constructions in a variety of spaceflight ral@vexperiments, has been detailed previously,[2, 8
13, 20].

Figure 1. The TIS-Il GFP imager. A. The imager housing isompact, light-sealed box

approximately 10” | x 8" h x 8" w. The camera arahtroller board are at one end, along
with the LED board and excitation wavelength filtdihe imager housing is shown

resting on its power control module. B. The samipiéder places the imaging plate
perpendicular to the excitation light and the inmggcamera, the lens of which can be
seen in the hole through the excitation filter. The basic TIS-Il Imager diagram,

indicating the two main connections to the imagerfar power and network access for
control and image transfer.
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The growth format for the plants in this studyakdn from the STS-93 space shuttle experiment
[11, 21]. Square format Petri plates containingaisolid nutrient substrate were planted with keri
seeds, with germination and growth occurring inglage-vertical orientation. This allows a simpiela
clearly organized presentation of both roots armbthfor images from the nadir position relative to
the surface of the plates. The growth medium costautrients and water such that light and a
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temperature above 4°C are the only exogenous myaint forArabidopsis growth. The plants are
grown under the ambient light conditions of theegitouse until they are inserted into the imager.
Plants on nutrient agar plates can remain viabteweeks with no exogenous light (note the date
stamps in Figure 4).

2.2. GFP Imager

Telemetric data collection of GFP required the dmwment and construction of prototype
hardware that is compatible with the GFP gene egiwa system, with the biosensor plants, and with
the power and communications environment of spigteftelated system. The TAGES Imaging
System-Il (TIS-II) represents the second generatibhardware designed to collect GFP expression
data in real-time aboard a spaceflight experimEigufe 1). Both TAGES GFP imagers use a system
of blue-light light emitting diodes (LEDs) (Lumiled a division of Philips semiconductor) for
excitation of GFP and a specially designed narrandbpass filter with a spectrum spread. @70nm
to 488nm, with a spectral mid poiihtof 475nm. A longpass filter (500nm +) was desigf@dthe
optical lens cell for the imager sensor. The pryrdifferences between TIS-I and TIS-II reside ie th
configuration of the camera and sophisticatiorhefaptics [13].

Imaging is accomplished with a 5 mega pixel CMO&ger that can capture the square Petri
growth plate in a 1280 x 1280 pixel image and tiemthat image into on-board 3 mega pixel video
FIFO Ram chips before processing and storage onah MMC/SD card. An on-board Microchip PIC
embedded processor is used to control all the imagd lighting functions, with communications
through a local area network (LAN). The imager ceamsettings can be modified by uploading
commands through the LAN. In addition commands banissued to perform all the necessary
functions of taking and downloading images fromTh®-Il Imager to the local controlling computer.

The Lumiled LED emitters are used to provide illnation because these devices consume less
power and produce more light than earlier modety s the T1-3/4 emitters. The LEDs are packaged
with a slug extruding from the rear to remove haad are surface mounted on a custom designed
circuit board using 48 of the Lumileds. An equivdldoard using older LEDs would have to be
populated with over of the 500 T1-3/4 devices. iftage capture, the LEDs are flashed on for a period
of two video frames while the image is being také&fso during the ‘on’ period the LEDs are
controlled with a PWM (pulse width modulation) almg the intensity to be changed to meet imaging
requirements.

2.3. Arthur Clarke Mars Greenhouse

Several Canadian research programs involve thela@went of bioregenerative life support
technologies for future long duration missions ke tmoon and Mars. One example is the Micro-
Ecological Life Support Alternative (MELISSA) Prajs Higher Plant Compartment [22] and relevant
to the GFP imaging project in discussion, the Art@larke Mars Greenhouse (ACMG) [23]. The
ACMG (Figure 2) is located on the rim of Haughtorat@r on Devon Island in the Canadian High
Arctic and its fundamental purpose is to serve ds\glopment analog for systems that would reside
on the surface of the moon or Mars. The extremé&@mwent of the Arctic is itself a challenge to the
systems development process and procedure. AllkcoRCMG physical sensors, including the external
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weather station, are designed to collect data @8CG4and have been successfully monitored in a
variety of extreme conditions. In addition, thencge nature of the location places these systems
development efforts within operational constrathizt further mimic extraterrestrial deploymentsr Fo
example, communications must be managed via hgpegific, satellite-based transceivers and power
must be developed and managed in situ. Reseam@teetgpically only on-site during the month of July
and thus human intervention is minimal, and norstexit for most of the year. Figure 2 also shows a
timeline representing the basic annual operatistr@tegy and duration of on-site ACMG activity.
Thus the ACMG is a very relevant testbed for depelg system integration and data handling of the
TIS-Il GFP Imager as an advanced, gene expressimsos subsystem.

Figure 2. The Arthur Clarke Mars Greenhouse at the HaugMars Project Research
Station and a diagram of the greenhouse systerestriehl power for the ACMG is
derived from solar cells and wind generators, wlaoh visible in the image at the top.
The power consumed by the greenhouse ranges frOiW 1» the summer to 25W in the
winter. In the summer, the solar panels providetal tmaximum power of 660W, far in
excess of what the greenhouse systems draw. Ini@ddihe two wind generators can
provide a total of 800W, although this value isalsufar less in the winter. The sensor
systems within the ACMG, together with a numbestaindard imaging cameras and the
TIS-Il GFP Imager, are coordinated by an embeddegdpater running a local Ethernet
network. All data are transmitted via satellite rmodto Simon Fraser University. A
typical operational timeline is shown beneath thetpgraph. Operational details can be
found in Giroux et al, [23].

Sep Oct Mov Dec Jan Feb Mar

The ACMG greenhouse was established in 2002. Ailddtdescription of the greenhouse systems
and operational strategy is available in [23]. &mgral the ACMG is not a full-featured, high fidgli
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simulation of a greenhouse to be established ors Miadloes, though, support scientific and openatio
research in an environment which is operationalgvant to Mars in unique ways — each at a specific
level of fidelity and complexity. The main greenBeusystems include the plant growth system,
environmental control system, power system, compaiitin system and local network and the data
acquisition and control system. The TIS-lIl GFP leragnd greenhouse interfaces are presented in
Figure 2. Data from the TIS-1l GFP Imager is padsgthe local Ethernet network through an Ethernet
switch (EISB16-100T, CTRLink) to the data acquasiti(DAQ) and control system (cFP-2120,
National Instruments) where it is stored and latansferred to the embedded communications,
command and control computer (Linux-based singlardbaomputer). From this point, data can be
transferred through the local high-speed optidaérfinetwork to local users, or onwards via a high-
speed human planetary exploration mission-equivalieless and satellite communications network,
when both are available during full operation. Ahery times, the communications, command and
control computer can receive commands to initiedadfer of images and data via a year-round low-
speed satellite modem (SDX-1100, Infosat) for ewantransmission by satellite. GFP images, along
with all greenhouse data, are received by an dpemtcenter at Simon Fraser University in
Vancouver, British Columbia, through a second SIIX{l system operated via an autonomous
command and control system operating on a Unix ($licrosystems Solaris-based) network-
distributed mission critical server architecturéhene it is made available to researchers through th
Internet. To minimize technology deployment riskthe Arctic greenhouse any system destined for
ACMG is first trialed in a duplicate greenhousedtaxl at the CSA headquarters in Longueuil, Quebec.
This duplicate greenhouse was constructed afteerabyears of ACMG operations when it was
realized that confidence in new hardware and soéwauld be gained prior to integration into the
ACMG. This duplicate greenhouse also provides grodpnity for greenhouse researchers to increase
their work efficiency during the Arctic field seasby first carrying out simulated deployments ie th
south.

2.4. Haughton Mars Project on Devon Island

The Haughton-Mars Project (HMP) is an interdiscigty and international field research project
making use of the Haughton crater impact structanel surrounding terrain as a terrestrial
environmental analog for Mars and the moon. ThegHtan Mars Project Research Station (HMP RS)
is located in a remote polar desert on Devon Islanduninhabited island in the territory of Nunairut
the Canadian High Arctic. The geologic features hindbgical attributes of Devon Island in general,
and the HMP RS site in particular, offer a uniqesearch and operations environment appropriate to
the development of approaches, technologies, afditiased operational methodologies that might be
critical to successful extraterrestrial human naissi[24]. The HMP RS is managed and operated
jointly by the Mars Institute and the SETI Instéuvith support from the Canadian Space Agency and
NASA.

3. Results and Discussion

The TIS-Il GFP Imager was transported to the HMPiR&e 2006 summer field season for the
primary purposes of defining the operational patenseof including the TIS-Il GFP Imager as part of
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the sensor suite in the ACMG. Before installatioriie ACMG the imager was bench tested at HMP
with a laptop computer for passing control and dageerating via the local one (1) gigabit-per secon
switched fiber network. During the bench testin@ggd the imager was enabled for remote internet
access and data exchange control originating WweéhExperiments Monitoring Area at Kennedy Space
Center (KSC). These communications were managetidoyigh-speed network infrastructure of the
HMP, designed to emulate planetary exploration pete; and demonstrated the processing
independence of the TIS-Il GFP Imager, while alsaugd-testing the fundamental communications
protocols for sending commands and receiving datem fthe imager, regardless of distance.
Commands to take images, store images, procesesmayd download images from KSC proved
effective. This test established that the nativghtipeed HMP network infrastructure, satellite
communications, and protocols were sufficientlyusttto handle the command and data flow, and that
the size and structure of the imager commands araje@ data files were appropriate for stable
deployment within the HMP system.

3.1. Installation of the TISII GFP Imager into the ACMG

The successful bench tests connecting KSC to tl&ellTimager at HMP RS were followed by
physical installation of the TIS-II into the ACMQa electronic connection to the ACMG control
systems. The TIS-Il GFP Imager then passed fromeacontrol by internet connection to automated
control within the greenhouse sensor and data sitigmi systems. Command and data packets were
controlled by the embedded computer of the greesddmages were processed and stored locally in
the DAQ and control system before satellite trana$epart of the ACMG data stream controlled by the
Linux single board computer. Figure 3 shows thegemnaset up against the northern wall of the
greenhouse (left) and a closer view of the system i& connected to its power supply and through a
network cable to the ACMG systems.

3.1. Telemetric Data Collection

One goal of the integration of the TIS-II into theenhouse systems is to enable future automated
monitoring of growth and development of plants dgriperiods without human intervention. The
pictures in the top panel of Figure 4 show a subk#te data collected under an autonomous scenario
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in 2006. Images were collected twice daily by tHeMG systems and downloaded via satellite link to
a remote location as part of the normal flow of cmands and data from and to the ACMG. The
imager/greenhouse collected and telemetrically steared these data for several weeks before
decommissioning at the end of the field season.dgalitional image referencing, the bottom panel
shows a bench-top germination experiment, a pomioa time-course experiment which monitored
biosensor plant germination and initial growth ogdxo week period. In both cases, close inspection
of the images reveals two phenotypes of plants tloaieglows brightly green and one that can be seen
only as a much less intense fluorescence in thewaklengths due to the auto-fluorescence of
chlorophyll. These two genotypes provide the rasig8FP image responses that can be expected in an
actual deployment of GFP biosensor plants.

Figure 4. Automated collection of GFP images over time. Papel: TIS-Il GFP imager
pictures taken autonomously by the ACGH and remjotieiwnloaded as part of the
sensor and image data packets. The large imadeetteft shows the full camera view,
the smaller images were cropped. The date eacheimag taken is indicated in the
bottom left corner. These data were collected thinothe middle of August, 2006.
Bottom panel: in a separate lab-bench test, a Hatxled with two reporter gene
genotypes was allowed to grow for two weeks. Thages in this set were captured every
6 hours and reflect about 5 days of growth. Inimktges it is possible to distinguish
those plants expressing GFP from those plants xressing GFP. The non-expressing
plants are faintly visible because of the red fhsoence caused by excitation of
chlorophyll. In these GFP genotypes the normal fladrescence of the leaves is
overpowered by the green fluorescence of the GFP.

KSC » TAGES - CSA
Devort - HMP - AGGH - 7-2( - 2006

07-21-2006

07-23-2006 07- 06 07 06
\ v
¢ 1 f i \

The images in Figure 4 indicate that the TIS-Il ¢gmais fundamentally capable of capturing
differences in the expression range of GFP flu@aese. Moreover, these images demonstrate the
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integration of GFP biosensor plants and imagingrietogy into, and as a part of, a distantly deploye
and autonomous greenhouse data collection systeer. tBe coming field seasons the ACMG TIS-II
imager team will continue to integrate the TISkhdger into the greenhouse environmental monitoring
system allowing for the use of TIS-Il Imager datagreenhouse control strategy just as current
greenhouse thermocouples, RH sensors, light seasoesently used for remote operations.

4. Conclusions

Telemetric data collection has been widely usedapplications where human participation is
cumbersome, dangerous or unfeasible. Many exanepiss in the arena of spaceflight and planetary
exploration, but the application to biological pegdis has thus far been restricted to the colledfon
standard white-light photography that is limited teporting the surface characteristics of the
specimens involved. The incorporation of imaginghtelogies that enables the excitation and
collection of specialized wavelengths greatly exfzathe range of scientific information that can be
returned from a payload telemetrically. Organisnmgjieeered with GFP reporter genes used in
conjunction with fluorescent imaging systems caeat# a system of biological sensors that
telemetrically report on the patterns of gene esgiom occurring in real time while adapting to aelo
environment. The insights obtained with the intégraof TIS-1I into the ACMG have provided initial
proof of concept for telemetric collection of flescent biosensor images. While the ultimate go@l is
create a fully integrated system that can be deplay any environment to collect real-time datalmn
physiological and molecular biological responsestermediate development areas include
improvement of fluorescent image data processiaduging the form and power requirements for
imaging, and producing engineering designs thdtess$ specific monitoring needs.
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