HFSP Journal

PERSPECTIVE

Exploring the transport of plant metabolites
using positron emitting radiotracers

Matthew R. Kiser,! Chantal D. Reid,2 Alexander S. Crowell,’

Richard P. Phillips,? and Calvin R. Howell’

'Physics Department, Duke University and Triangle Universities Nuclear Laboratory, Durham,
North Carolina 27708.
2Biology Department and Nicholas School of the Environment and Earth Sciences, Duke University,
Durham, North Carolina 27708.

(Received 31 December 2007; accepted 18 April 2008; published online 8 July 2008)

Short-lived positron-emitting radiotracer techniques provide time-dependent
data that are critical for developing models of metabolite transport and resource

distribution

in plants and their microenvironments. Until

recently these

techniques were applied to measure radiotracer accumulation in coarse regions
along transport pathways. The recent application of positron emission
tomography (PET) techniques to plant research allows for detailed quantification
of real-time metabolite dynamics on previously unexplored spatial scales. PET
provides dynamic information with millimeter-scale resolution on labeled carbon,
nitrogen, and water transport over a small plant-size field of view. Because details
at the millimeter scale may not be required for all regions of interest, hybrid
detection systems that combine high-resolution imaging with other radiotracer
counting technologies offer the versatility needed to pursue wide-ranging plant
physiological and ecological research. In this perspective we describe a recently
developed hybrid detection system at Duke University that provides researchers
with the flexibility required to carry out measurements of the dynamic responses
of whole plants to environmental change using short-lived radiotracers.
Following a brief historical development of radiotracer applications to plant
research, the role of radiotracers is presented in the context of various
applications at the leaf to the whole-plant level that integrates cellular and
subcellular signals and/or controls. [DOI: 10.2976/1.2921207]
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Primary plant productivity sustains
life on Earth and is a principal compo-
nent of the planet’s system that regu-
lates atmospheric carbon dioxide
(CO,) concentration. A central goal of
plant science is to understand the regu-
latory mechanisms of plant growth in a
changing environment. Key to our un-
derstanding of productivity are the
plant carbon and nutrient balances:
how does the plant acquire and use re-
sources for maintenance and protection
to maximize individual growth and re-
productive success? Aspects of this
question have been examined indepen-
dently at different organizational scales
through genetic, molecular, organis-
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mal, and ecosystem studies. Increas-
ingly, plant scientists are developing
experimental techniques and quantita-
tive models that enable them to inte-
grate across scales for a more complete
understanding of whole-plant re-
sponses to environmental change. For
example, various genetic mutants are
used to elucidate the role of specific
metabolites in the control of photosyn-
thesis (e.g., Swissa et al., 1980; Sterky
et al., 1998); mutants are coupled with
high-resolution imaging to elucidate
the role of sugars in signaling and con-
trol of plant growth (e.g., Schurr et al.,
2006; Smith and Stitt, 2007), or of hor-
mones in root gravitropic responses
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(Chavarria-Krauser et al., 2008); and chlorophyll fluores-
cence is measured remotely to estimate heterogeneous
canopy photosynthesis in forests (Osmond et al., 2004;
Ananyev et al., 2005). Although we do not fully understand
several processes and feedback mechanisms important for
plant growth, descriptive analytical models of plant photo-
synthesis that incorporate the complexity of growth regula-
tory networks will enable reliable quantitative predictions of
plant responses to environmental change.

Through collaborative research within and among disci-
plines, scientists have developed new tools to address the in-
tegration of plant growth processes across spatial scales.
These tools are helpful in developing a coherent description
of plant development across scales of complexity from the
genomic to the whole-plant physiological responses to the
environment. At one end of the spectrum, this integration in-
volves knowledge of biochemical regulatory networks that
are controlled by gene expression (e.g., Tyson ef al., 2001;
Tyson et al., 2003). For example, using the unicellular yeast
as our best-known physiological system, computer models of
enzyme and protein-driven reaction networks are developed
through sustained interaction between theory and experi-
ment (e.g., Lapinskas ef al., 1995; Himmelbach ef al., 1998;
Buchwald and Sveiczer, 2006). At the leaf level in plants, the
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simple biochemical model of photosythesis developed by
Farquhar and colleagues (Farquhar et al., 1980) has been ex-
tended to describe a network of enzyme-driven biochemical
reactions (Zhu et al., 2007). Collaborations between theoret-
ical biologists and experimentalists are enabling the develop-
ment of increasingly more sophisticated and complete com-
puter models of biochemical regulatory reaction networks in
systems biology. At the other end of the spectrum, canopy
photoysnthesis models couple processes at the individual
leaf level with canopy and remote sensing data to integrate
productivity at regional and global scales (e.g., Field et al.,
1995; Chen and Coughenour, 2004; Sasai et al., 2007). These
large scale models integrate the plant response to environ-
mental stresses. Intermediate to these extremes, regulatory
processes at the whole-plant level sense and respond to ex-
ternal limiting factors that control productivity. The use of
short-lived radioistopes in whole-plant studies can help elu-
cidate the processes that link the enzyme-driven biochemical
reactions to the physiological responses of plants to environ-
mental stimuli (Fig. 1).

Plant growth and environmental change
Plant productivity is strongly influenced by environmental
stresses that include drought, temperature extremes, nutrient

Figure 1. Hierarchical temporal and spa-
tial processes of plant growth and devel-
opment (based on Osmond, 1989). Differ-
ent processes at the subcellular and cellular
level can link to higher organizational levels
via signal transduction. At small spatial
scales autoradiography, which requires dis-
turbance of the plant system, provides de-
tailed images of radiotracer accumulation.
At the tissue, whole-plant, and plant mi-
croenvironment levels, dynamic processes
can be measured using short-lived positron-
emitting radioisotopes with gamma-ray de-
tection and imaging techniques.
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limitation, and predator or pathogen pressure. All are likely
to increase with global climate change, and the impact will
vary regionally (e.g., Fischlin ef al., 2007). Although we have
a good understanding of the photosynthetic process itself,
detailed understanding is still missing for how plants sense
chronic stresses (e.g., drought, low nutrient availability) and
heterogeneous changes in the environment (e.g., sunflecks)
that can result in short-term stresses, and the consequent im-
pact of such stresses on growth and development. Osmond
(1989) once forecasted that the now commonly used chloro-
phyll fluorescence technique could be a useful tool to scale
our understanding of stress on photosynthesis from small-
scale (within leaf tissue) indicator to large-scale (forest
canopy) integrator (Jones and Morison, 2007). Similarly, we
predict that short-lived radioisotope techniques will provide
data that are crucial for developing models that quantita-
tively link the underlying biochemical reactions to physi-
ological responses, i.e., to model the complexity of plant
growth and development across different scales (Fig. 1). For
example, sugars, which are produced in source leaves and
needed in developing sinks, are both sensing and signaling
molecules between cells and between organs (e.g., review by
Rolland et al., 2006). Sugar signaling can interact with other
signals (e.g., hormones) to control plant development under
different environmental conditions. As sensors or integrators
of stress, sugars and other signal molecules rely on the ph-
loem for long-distance transport (Lough and Lucas, 2000).
Coupling the dynamic transport of the signal in response to
environmental stress with gene expression in transgenic
plants can provide us with better predictive models to under-
stand integrated plant development and growth. A better
mechanistic understanding of the phloem transport itself is
in progress (Minchin and Lacointe, 2005; Thompson, 2006)
and will benefit from dynamic measurement techniques. At a
larger spatial scale, chemical signals are also used for com-
munication between plants (competition or facilitation), or
between plant and pathogen or microbes (Paiva, 2000). The
availability of new techniques or novel applications of estab-
lished methods can help decipher the role of metabolite
transport and regulation.

Imaging technology and plant science

A variety of technologies are available that enable research-
ers to span a wide range of spatial scales in plant studies,
from submicron resolution using optical microscopy tech-
niques and fluorescent markers (Stephens and Allan, 2003;
Haustein and Schwille, 2007) to millimeter-scale resolution
using x-ray computed tomography (e.g., Kaestner et al.,
2006) and magnetic resonance imaging (MRI; e.g., MacFall
et al., 1990; Windt et al., 2006). Dynamic processes can be
imaged using time-lapse fluorescence microscopy with
micron-scale resolution by taking successive images at the
microsecond to millisecond time range (Weijer, 2003; Rieder
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and Khodjakov, 2003). For example, this technique has been
used to determine patterns of the dominant gene expression
in developing roots of Arabidopsis (Brady et al., 2007). At a
larger spatial scale (tenths of mm), MRI has been employed
in medicine to visualize anatomical structure, as well as in
plants to observe water content in and around root systems
(e.g., MacFall et al., 1990). In addition, techniques that use
short-lived radioisotopes with gamma-ray detection provide
the capacity to visualize dynamic transport and allocation of
metabolites at large distance scales and consequently give in-
formation important for understanding whole-plant physi-
ological responses to environmental change in real time. The
combined application of these techniques provides detailed
information about biological structure and function over spa-
tial dimensions ranging from cells to entire organisms and
between-organism interactions.

Coordination between the sensing and signal transport
through the plant and/or out of the plant into the environment
requires dynamic measurement methods. Short-lived radio-
isotopes are already used successfully at high specific activ-
ity to show the transport of jasmonate, a signal metabolite
involved in plant defense, in whole plants (Thorpe ef al.,
2007). Additionally, Ferrieri and colleagues assessed the
role of recently fixed carbon with short-lived radiotracers
and demonstrated that treatment of poplar seedlings with
jasmonic acid increases isoprene emission (Ferrieri et al.,
2005), leaf export of mobile sugar (Babst
et al., 2005), and plant metabolism of carbon tetrachloride
(Ferrieri et al., 2006). Carbon-11 tracer measurements de-
signed to study carbon metabolism dynamics cover a wide
range of spatial scales within plants. For example, Minchin
and colleagues have measured unloading and reloading of
photoassimilate in bean stem (Minchin and Thorpe, 1987);
carbon partitioning to whole versus surgically modified pea
ovules (Minchin and Thorpe, 1989); changes in partitioning
to soybean root nodules following treatment of the root sys-
tem with nitrate (Thorpe et al., 1998); the short and long-
term effects of photosynthate availability on carbon parti-
tioning to apple fruits (Minchin et al., 1997); the effect of
electric shock and cold shock on phloem transport (Pickard
et al., 1993); and the effects of temperature (Minchin et al.,
1994) and osmotica (Williams ef al. 1991) on carbon parti-
tioning in split root systems of barley. Additionally, ''C ra-
diotracer techniques were applied in an ecological context to
measure plant response to herbivory by nematodes (Freck-
man et al., 1991) and grasshoppers (Dyer ef al., 1991) at
Duke University, and more recently, by inducible response to
simulated leaf herbivory (Babst et al., 2005; Schwachtje et
al., 2006). Likewise, measurements using short-lived iso-
topes are valuable in studies of root growth dynamics and
nutrient uptake in a heterogenous environment.

Positron emission tomography (PET) is a noninvasive
imaging technique that can achieve spatial resolution on the
order of millimeters and provide quantitative information
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about dynamic physiological processes over a relatively large
field of view. PET utilizes radioactive nuclei to label biologi-
cally active molecules. These systems have been used clini-
cally for the diagnosis of human disease for about 30 years
(Ter-Pergossian et al., 1975; Rohren et al., 2004), and many
research centers now employ microPET instruments to better
understand disease by studying small animals (Cherry et al.,
1997; Chatziioannou, 2002). In addition to biomedical appli-
cations, PET techniques are used to study the regulation of
plant growth and development via metabolite transport. Be-
cause plants are sessile organisms, they have developed ad-
aptations to deal with a heterogeneous environment, which
often includes metabolite signaling to induce a cascade of
physiological responses. Plant labeling entails the integra-
tion of short-lived positron-emitting isotopes such as
carbon-11 (''C), nitrogen-13 (*N), oxygen-15 ('°0), and
fluorine-18 ('®F) into biologically active molecules, nutri-
ents, or compounds. The radiotracers (i.e., labeled mol-
ecules) are absorbed via normal metabolism and distributed
throughout the plant. /n vivo detection of the gamma rays
emitted by the radioisotopes enables researchers to track the
transport and distribution of the radiotracers in the plant as a
function of time. The short radioactive half-lives of the ra-
diotracers and the noninvasive detection of the decay prod-
ucts allow the same plant to be tested multiple times without
destructive sampling to determine its response to environ-
mental changes. Additionally, a suite of different short-lived
radiotracers can be applied to the same plant in a short period
of time to investigate the transport and allocation of various
metabolites (Caldwell et al., 1984;Grodzinski et al., 1984).
These features make short-lived positron-emitting radiotrac-
ers attractive candidates for studying the dynamics of me-
tabolite transport in plants. Also, the time-ordered data ob-
tained with radiotracers provides the information required to
causally connect plant responses to specific environmental
changes.

While earlier studies monitored radiotracer transport and
accumulation on a coarse spatial scale, recent experiments
use PET techniques to produce high-resolution images of ra-
diotracer transport and allocation (e.g., Keutgen et al., 2005).
In this perspective we describe recent studies using short-
lived radioisotopes to examine aspects of plant growth at dif-
ferent spatiotemporal scales. We start with a brief review of
the historical development of radiotracer techniques fol-
lowed by a discussion of the general use of positron emission
techniques in plant research. We concentrate on a radiotracer
labeling system that is based on a hybrid gamma-ray de-
tection platform being developed at Duke University for pos-
itron emission imaging and counting in plant studies. This
radiotracer system is primarily for studies of carbon, nutri-
ent, and water transport and allocation in plants.
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HISTORICAL DEVELOPMENT OF THE APPLICATION
OF RADIOTRACERS TO PLANT STUDIES

A variety of techniques are used to measure the transport and
distribution of substances in plants. These include methods
that employ both stable and radioactive isotopes. Examples
include real-time tracing of short-lived radioisotopes (e.g.,
¢, ¥N), measuring accumulation of long-lived radioiso-
topes (e.g., '*C) and stable isotopes (e.g., °C, "*N), and
studying water flow with MRI.

The use of short-lived positron emitters

The first plant studies using short-lived radioisotopes were
performed nearly 70 years ago by Ruben et al. (1939) in their
work on photosynthesis using ''C. Because of the short life
of ''C (20.4 min), Ruben soon searched for and discovered a
long-lived radioisotope, '*C (half-life 5730 years) that has
been used extensively in metabolite accumulation (Gest,
2005; and see below). Nevertheless, since then many types of
plant physiology studies have been performed using
carbon-11 dioxide (''CO,) as a radiotracer. Labeled ''CO, is
particularly useful in studies of carbohydrate source-sink re-
lationships in plants. Because CO, is the primary substrate
for photosynthesis, 11CO2 is incorporated into plant tissue as
photoassimilates, i.e. carbohydrates that can be tracked
through the plant by detecting the gamma radiation emitted
in the decay of ''C nuclei. The isotopic discrimination
between“CO2 and 12CO2 during photosynthesis is likely
similar in magnitude to that between '*C and '>C, which is
on the order of a few percent (Farquhar et al., 1982; Thorpe
and Minchin, 1991). The ''C nucleus decays by emitting a
positron (i.e., an anti-electron) and has a radioactive half-life
of 20.4 min. Positrons emitted by the decay of ''C nuclei
lose energy by collisions in matter until they reach thermal
energies and annihilate with an electron. This annihilation
produces two gamma rays (high energy photons, each with
511 keV energy) that are emitted collinearly and in opposite
directions to conserve linear momentum. These gamma rays
are attenuated very little by the tissue of small plants and
may be detected singly with collimated detectors or in coin-
cidence to trace the distribution of ''C in real time and
in vivo (Minchin and Thorpe, 2003).This technique allows
for multiple radiotracer labelings of the same plant, which
leads to a better understanding of biological variations within
a single organism. Because the radioactive half-life of ''C
is about 20 min, it is particularly useful for the study of
short-term effects of environmental stimuli on carbon trans-
location dynamics and source-sink relationships. The funda-
mental limit on the spatial resolution achievable using
positron-emitting tracers is governed by the finite range that
the positrons travel inside the material before losing all their
kinetic energy via ionization and annihilating with an elec-
tron. This travel range is a function of the initial kinetic en-
ergy of the positron and therefore is different for each ra-
diotracer isotope (Table I). However, it is generally the main

Exploring the transport of plant metabolites . .. | Kiser et al.



PERSPECTIVE

Table I. Properties of positron-emitting isotopes used to measure metabolite transport and allocation in plants. £, and E,.,, are the maximum
and mean energy of the emitted positron, and ¢, is the radioactive half-life of the isotope. The maximum and mean range of the positrons is given
for water because this is a close approximation to plant tissue. The data in this table are from Bailey ef al. (2003).

Max range Mean range
E o E ean Ly in water in water
Radioisotope MeV) (MeV) (min) (mm) (mm)
e 0.959 0.326 20.4 4.1 1.1
3N 1.197 0.432 9.96 52 15
18 0.633 0.202 109.8 24 0.6
50 1.738 0.696 2.03 7.3 2.5

source of uncertainty that limits the accuracy of determining
the positron production location (i.e., spatial resolution) to a
few millimeters.

For improved spatial resolution, positron-emitting ra-
diotracers can also be imaged using positron autoradiogra-
phy, which gives spatial detail on the order of hundreds of
microns (Schmidt and Smith, 2005) by direct detection of
the positrons. This resolution is about an order of magnitude
better than that achievable with PET because the positron
energy is deposited directly on the phosphor imaging plate
before it has the opportunity to annihilate. Direct detection
of the positron eliminates the uncertainty in radiotracer loca-
tion that is due to the distance the positron travels before an-
nihilating. This technique has been applied in whole-plant
studies to determine metabolite partitioning at the end of a
labeling period using phosphor plate imaging of the plant
(Babst et al., 2005; Ferrieri et al., 2006). Positron autorad-
iography has also been used to investigate radiotracer alloca-
tion in detached leaves of tobacco plant (Thorpe et al., 2007).
While positron autoradiography provides much better spatial
detail than PET, real-time dynamic information cannot be at-
tained without disturbing the labeled organism. Tanoi et al.
(2005) have demonstrated an imaging system in which the
labeled plant is placed directly against a vertically mounted
imaging plate. Sequential images provide information about
flow dynamics, but exposures must be performed in the dark
because fluorescent light can erase the information stored in
the imaging plate. A system of this type could be used to
image plant roots without disrupting the biological system,
but it is not ideal for above-ground regions of the plant that
behave differently in light and dark conditions. PET cannot
provide the same level of spatial detail, but it requires mini-
mal disturbance to the organism.

In addition to ''C, other short-lived positron-emitting
isotopes have been used for plant physiology studies.
Nitrogen-13 ('*N) decays by positron emission with a radio-
active half life of 9.96 min. This isotope can be introduced to
plants in the form of *N-labeled nitrate (e.g., Glass et al.,
1985) or ammonium (e.g., Kronzucker ef al., 1995c) ions in
solution, or as '*N-labeled nitrogen gas (e.g., Bishop et al.,
1986). The '*N-labeled substances are generally applied
to plant roots to study nutrient absorption and transport in
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the plant under various environmental conditions (e.g.,
McNaughton and Presland, 1983). To extract root nitrate flux
characteristics, compartmental models have been applied
to'°N data from barley (Lee and Clarkson, 1986; Siddiqi
et al., 1991; Ritchie, 2006), maize seedlings (Presland
and McNaughton, 1984), and spruce seedlings (Kronzucker
et al., 1995a, 1995b). Additionally, the tracer efflux kinetics
of >N-labeled ammonium have been examined using
compartmental analysis in the roots of barley (Britto and
Kronzucker, 2003), maize seedlings (Presland and
McNaughton, 1986), spruce seedlings (Kronzucker et al.,
1995¢, 1995d), and rice (Wang et al., 1993a; Kronzucker
et al., 1998), as well as in leaf segments of wheat (Britto
et al., 2002). Kinetic models that parameterize nutrient up-
take have also been developed based on *N-labeled nitrate
influx measurements in barley roots (Lee and Drew, 1986)
and "*N-labeled ammonium influx in rice roots (Wang ef al.,
1993b). Each of these experiments combined the use of
3N-labeled radiotracers with rigorous mathematical treat-
ment to extract meaningful information about nitrogen flow
in a particular region of an intact plant.

Oxygen-15 (1°0) is another short-lived radioisotope that
decays by positron emission; its radioactive half-life is
2.03 min. Generally, a water source (H,'°0) is produced and
introduced to the plant through the root bathing solution.
Gamma-ray detectors (or a positron emission imaging
system) are then used to monitor radiotracer accumulation
in sections of the plant to observe water transport (Kiyomiya
et al.,2001a; Nakanishi ef al., 2003, Tanoi ef al., 2005). Due
to its very short half-life, 30 is only useful for tracing phe-
nomena occurring on a short time scale. However, the
longer-lived isotope fluorine-18 ('8F; 109.8 min radioactive
half'life) has been used as a proxy for tracing the dynamics of
water transport because fluorine ions bind readily to water
molecules (Kume et al., 1997; Nakanishi et al., 2001c¢). The
prolonged half-life of '8F makes it a more attractive candi-
date for measuring longer-term phenomena, although '*F la-
beling likely tracks the movement of fluorine ions more so
than water molecules (Nakanishi ez al., 2001b). In addition,
MRI offers an alternative for measuring the long-term
dynamics of water transport in plants (Windt et al., 2006;
Van As, 2007).
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The dynamic information obtained from radiotracer ex-
periments is used to investigate time-dependent changes
within the labeled plant. Short-lived radiotracer experiments
with 11CO2 use either pulse-labeling, where 11CO2 gas is
supplied to a portion of the plant in a short burst (pulse), or
continuous labeling, where the ''C activity in the labeling
system is kept fairly constant by supplying 11CO2 at regular
intervals (Thorpe and Minchin, 1991) or by a continuous
production system (Magnuson et al., 1982). The continuous
labeling technique is particularly useful for studying diurnal
patterns and other time-dependent plant responses, such as
those due to environmental changes (e.g., shading; Thorpe
and Minchin, 1991). Pulse-labeling can also be used to mea-
sure metabolite dynamics in plants. For example, time-
dependent analysis techniques are applied to radiotracer data
obtained from pulse-labeling experiments to determine the
plant response during the labeling period (e.g., Minchin and
Grusak, 1988). Alternatively, the environmental conditions
of the plant can be modified between pulse-labeling periods
or similar plants grown in different environmental conditions
can be pulse-labeled to measure plant responses.

Long-time scale measurements with isotopic analysis
techniques

The use of short-lived positron emitters provides the ability
to perform real-time substance accumulation and flow mea-
surements in vivo. However, a few important constraints
should be considered when designing experiments that use
short-lived radioisotopes. First, the short radioactive half-life
requires that experiments be performed near the isotope pro-
duction facility. Second, its short radioactive half-life limits
the dynamic phenomena that can be observed to those with
characteristic time constants on the order of a few hours.
Last, high initial radioactivity is needed to observe the ra-
diotracer transport and allocation over long periods of time
(e.g., nine halflives for ''C), so sufficient radiation shielding
must surround the labeling region.

For measuring carbon dynamic processes of a longer
time scale than achievable with short-lived radioisotopes,
measurement techniques based on the stable *C isotope or
the long-lived '“C radioisotope can be used. However, deter-
mination of '*C accumulation in plant tissue requires de-
structive harvesting of the labeled plant for mass spectrom-
etry. There are also two major drawbacks with '*C labeling:
(1) due to the long half-life, a single plant cannot be labeled
multiple times, and (2) the low energy beta particle emitted
from '*C decay has a small probability of escaping plant tis-
sue thereby drastically reducing the number of cases where
in vivo counting techniques can be used. For example, detec-
tion of the Hc beta particles
in plant leaves has been used in autoradiography studies of
phloem loading, unloading, and transport (Fritz ef al., 1983,
Turgeon, 1987; Turgeon and Wimmers, 1988). While beta
particles emitted in '*C decay may escape a thin leaf, they
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will likely be absorbed by thicker shoot or root tissue. Thus,
the labeled plant must be destructively harvested at the end
of a labeling period, and '*C accumulation is quantified by
either detecting the beta particles emitted from various plant
tissues or by accelerator mass spectrometry (Reglinski ez al.,
2001). The '*C-radio-labeled plant tissue has also been
sampled destructively for studies of carbon allocation of par-
ticular metabolites (e.g., phenolics; Margolis et al., 1991).
These methods provide information about carbon allocation
but give no insight into carbon transport dynamics in the
same plant.

Development of data analysis techniques

Over the last 30 years, the considerable advancements made
in gamma-ray detection, imaging, and analysis techniques
have enabled high precision quantitative studies of plants us-
ing short-lived radioisotopes. The pioneering work of Peter
Minchin and colleagues (e.g., Minchin and McNaughton,
1984; Minchin and Thorpe, 1987, 1989) established the
foundation for this field using collimated single detectors.
One of Minchin’s most important contributions was the de-
velopment of analysis techniques that provide the framework
for quantitative interpretation of tracer profiles. Tracer pro-
files are measurements of the spatial distributions of ra-
diotracer inside the plant as a function of time. Using a sta-
tistical analysis derived from transfer functions in physics,
Minchin developed an input-output model to determine
properties of the transport system tracer profile data
(Minchin, 1978). The transfer function describes the change
in shape of the tracer profile between the system input and
output and provides an alternate description of the system
that can be used to calculate the output response for any
given input (Cadzow, 1973, Ch.7). This type of analysis
makes no assumptions about the physical mechanisms in-
volved but allows physiologically relevant parameters to be
calculated (Minchin and Troughton, 1980). Transfer function
analysis has been applied to many sets of ''C tracer profile
data to extract physically meaningful information about car-
bon allocation and transport in plants. Because input-output
models provide a mathematical description of the data and
physically relevant parameters, any mechanistic model
should be consistent with the statistical modeling results.

In addition to transfer function analysis, mechanistic
models have been used to describe radiotracer transport and
allocation. Minchin et al. (1993) applied a transport-
resistance (TR) model proposed by Thornley (1972; re-
viewed by Minchin and Lacointe, 2005) to explain source-
sink dynamics using !'C radiotracer data. The TR model is
based on Miinch’s original hypothesis that photoassimilate
flow is driven by an osmotically generated pressure gradient.
Bancal and Soltani (2002) extended this model to consider
the source term as an activity of solute production rather than
a compartment concentration and to include changes in sap
viscosity. The TR model does not incorporate all the intrica-
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cies of the transport system, but it does provide sufficient
mechanistic detail to describe the phenomena observed in
whole-plant experiments. In fact, Thornley (1998) suggests
that a TR model needs to be the starting point for all more
complex models, as this incorporates the only two significant
processes, transport and chemical conversion, that result in
allocation.

Mechanistic models of phloem transport can be used to
fit tracer profile data and estimate physical parameters (e.g.,
Moorby et al., 1963), but these models may assign unneces-
sary complexity to the system. Compartmental analysis (e.g.
Fares et al., 1988) considers the flow of carbon through
a series of partitions of characteristic kinetics, so it does
not assume any explicit mechanism for phloem transport.
However, compartmental analysis does provide physiologi-
cal parameters that can be directly compared to those pre-
dicted by mechanistic models (e.g., Moorby and Jarman,
1975). Detailed mathematical models of phloem transport
have been proposed (e.g., Goeschl et al., 1976; Daudet et al.,
2002; Thompson, 2006); these have not been directly com-
pared to radiotracer data, but their predictions can be
compared to the physiologically relevant parameters ob-
tained using nonmechanistic analysis methods.

"'C LABELING AT DUKE UNIVERSITY

The first plant studies using short-lived radioisotopes at
Duke University were performed in the 1980%. These took
advantage of the close proximity of the Duke University
Plant Growth Facilities (Phytotron) and the Triangle Univer-
sities Nuclear Laboratory (TUNL). The ''C was produced
using the TUNL 4 MeV Van de Graaff accelerator. A beam
of *He nuclei was directed on a 12CO2 flowing gas target to
produce 11CO2 continuously via the 'C+°He—!!C
+*He(Q=+1.86 MeV) reaction (Magnuson ef al., 1982).
Later, 11CO2 was also produced at the Duke University
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Medical School Cyclotron and transferred to the Phytotron
using a shielded transporter (McKinney et al., 1989) for
pulse-labeling experiments. With improved technology a
new initiative is under way to study plants using short-
lived radiotracers at Duke University. The initial focus of
the research program is to measure physiological responses
of plants to environmental changes and to measure the rates
of physiological processes that are important for plant
growth. In this research, ''C is produced with the TUNL FN
tandem Van de Graaff accelerator by bombarding a
nitrogen (N,) gas-filled target cell with an energetic
(~10 MeV) beam of protons for about 30 min. This
radioactive-substance production method is based on the
“N+p—"C+%He(Q=-2.92 MeV) reaction that was
used by Jahnke et al. (1981). We prefer this reaction over the
0B +4d—"C+n(Q=+6.46 MeV) reaction, which is com-
monly used with low-energy electrostatic accelerators, be-
cause it can be implemented more easily and with a higher
efficiency for producing ''C tagged carbon dioxide. For ex-
ample, we produce 25 milliCuries of 11CO2 in 30 min with
1.5 pA of proton beam on a nitrogen gas target compared to
10 milliCuries produced by Minchin and colleagues (More
and Troughton, 1973) by bombarding a '’B target with
30 uA of deuterons for the same length of time.

A schematic diagram of the recently developed 1]COZ ra-
diotracer gas system at Duke University is shown in Fig. 2.
The 11CO2 gas is produced in the tandem accelerator labora-
tory at TUNL, and the plant labeling measurements are per-
formed at the Duke Phytotron in a specially modified envi-
ronmental growth chamber. The present system provides
researchers with pulse-loading capability and was designed
to make upgrading for continuous loading measurements
straightforward. The 11CO2 gas is produced by bombarding a
target cell pressurized to 7.8 atmospheres with research-
grade N, gas with a proton beam. The contents of the produc-

10 MeV protons

Figure 2. ''CO, production, transport
and, labeling system at Duke University.
The ''CO, gas is produced in the tandem
accelerator at TUNL (p+'*N—""C+*He)
and transferred to the Duke University Phy-
totron via tubing in underground conduits.
CO, gas from the target cell is collected in
a lead-shielded liquid nitrogen cooled trap at
the Phytotron. Other gases (mostly nitrogen
and carbon monoxide) from the target cell
are pumped back through the exhaust sys-
tem at TUNL. The present system has
pulse-loading capability only. A pulse of
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""CO, gas is introduced into the labeling
loop by warming the CO, trap to room tem-
perature and opening the valves that isolate
the trap from the loop so that the air in the
loop flows through the trap, thereby mixing
with the radioactive ''CO, gas.
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tion cell, which is N, gas with a minute mixture of radioac-
tive tagged gases, is transferred through tubing in an
underground conduit approximately 100 m to the labeling
system in the Phytotron. In a typical isotope production run
the proton beam is kept on the target gas cell for about
30 min. The main radioactive gases produced in the process
are ''CO, 11COZ, and 'O tagged O,. The %O is produced by
the "*N+p— "O+n reaction (Q=-5.93 MeV). It decays by
positron emission with a radioactive half life of 1.2 min
compared to the 20.3 min half life of ''C. After a production
run the radioactive gas mixture in the target cell is slowly
pumped through a liquid-nitrogen cooled trap where the CO,
is frozen, the O, is liquefied and the N, and CO gases are
vented into a high-flow gas exhaust system in the tandem ac-
celerator laboratory. Though not shown in Fig. 2, the LN-
cooled trap is inside a 4-in.-thick lead shielding enclosure.
Most of the '*O that is trapped along with the CO, decays
before the gas is loaded into the labeling loop. The nominal
activity of trapped ''CO, at the beginning of each labeling
period is about 30 milliCuries (~10° decays per second).
After warming the trap to room temperature, the 11CO2 gasis
injected as a pulse into the labeling loop. The loop contains
diagnostic instrumentation and control components, as well
as a temperature-controlled leaf cuvette (Fig. 2). The 11CO2
is mixed with air in the closed loop and introduced to the
plant by flowing the air over a leaf that is in a sealed cuvette.
The concentration of the labeled 11CO2 is negligible com-
pared to the controlled atmospheric [lzCOQ]; at the begin-
ning of a labeling measurement the ratio of ''CO, to '*CO,
molecules is about 1:10°. The ''CO, is metabolized via pho-
tosynthesis into ''C-labeled photoassimilates that are
tracked through the plant. The radiotracer experiments take
place inside a controlled-environment growth chamber at the
Phytotron that allows for maintenance of abiotic factors such
as temperature (12°—35° C when fully lit and 2°-30° C
when dark), light intensity (up to 350 umol m 2 s™! photo-
synthetically active radiation), and atmospheric CO, con-
centration (200—1000 wmol mol™'). The chamber can
replicate growth conditions of the plant in its natural envi-
ronment and/or its experimental growth conditions, or it can
be adjusted to a novel environment for short-term acclima-
tion experiments.

Development of low spatial resolution 2D PET imaging
To gain experience with PET measurement techniques for
plant applications and to develop image reconstruction
software and quantitative data analysis tools, a prototype
two-dimensional (2D) planar PET imager was constructed
using existing hardware at TUNL. This prototype imager is
composed of two planar arrays of cylindrical cesium fluoride
detectors (25 mm diameter X 45 mm thick), with each array
containing 10 detectors (Fig. 3). This arrangement provides a
spatial resolution of about 1 c¢cm in both the horizontal and
vertical directions over a field of view (FOV) of approxi-
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mately 12 cm (width) X20 cm (height). The dimensions of
the imager and the detector positions within each array were
chosen to cover a specific FOV while also providing smooth
geometric detection efficiency across the image plane. The
image plane is located midway between the parallel planes
defined by the front surfaces of the detector arrays. Coinci-
dence detection of the back-to-back gamma rays emitted
from electron-positron annihilation is used to initiate the re-
cording of information associated with the decay of ''C nu-
clei inside the plant tissue. The density distribution of the
electron-positron annihilation sites is reconstructed on the
image plane using the detector hit pattern data that are stored
for each coincidence event. The source of the gamma rays for
each event is projected onto the image plane at the point
where the line connecting the centers of the two detectors
involved in the coincidence intersects the image plane. The
count for each event is distributed over several pixels in the
image plane using a spatial probability distribution function
that accounts for the finite size and the geometric arrange-
ment of the detectors. Each event is recorded with a time
stamp thereby providing the capability of tracing substance
flow between any regions within the imager FOV. The infor-
mation available from the images is limited spatially by the
resolution of the imager and temporally by the period of time
needed to accumulate adequate counting statistics in the re-
gions of interest.

Trade-offs between spatial resolution and the area of the
FOV are often necessary to make the final cost of the imager
fit budget constraints. For example, the positron-emitting
tracer imaging system (PETIS) developed at the Japan
Atomic Research Institute was first used to measure uptake
and transfer of '°F in soybean with 2.5 mm spatial resolution
ina6 cm X5 cm FOV (Kume et al., 1997). While this spatial
resolution is four times finer than that of the Duke prototype
PET device, the imaging area is reduced by about a factor of
8. Since this original application, the PETIS device has been
used to visualize translocation of ''C-labeled methionine in
barley (Nakanishi ez al., 1999), *N-labeled nitrates in soy-
bean plants (Ohtake ef al., 2001), '*N-labeled ammonium in
rice (Kiyomiya ef al., 2001b), and '>O-labeled water in soy-
bean plants (Nakanishi ef al., 2001a). The primary limitation
of the original PETIS was the small FOV. By adding two
pairs of detector modules with dimensions similar to the
original instrument, the PETIS detection area was increased
to approximately 5 cm X 15 cm (Keutgen ef al., 2005). More
recently, the FOV of PETIS has been increased to roughly
14 cm X 21 cm (Kawachi et al., 2006). In addition, the Insti-
tute of Chemistry and Dynamics of the Geosphere Phyto-
sphere research group in Germany has developed a three-
dimensional (3D) imaging system for plant studies, the Plant
Tomographic Imaging System or PlanTIS (Streun et al.,
2007). The PlanTIS device has a cylindrical geometry that
provides 1.3 mm resolution with an axial FOV of about
11 em (Streun et al., 2006, 2007).
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The Duke prototype PET imager has been used to mea-
sure allocation of ''C-labeled photoassimilates in small
plants for studies examining limitations of photoassimilate
export in elevated CO, environments. The uptake leaf, shoot,
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Figure 3. (Above) Photograph of a barley
plant arranged within the FOV of the low
spatial resolution 2D PET imager. Each
detector cylinder is a cesium fluoride scintil-
lator with dimensions 25 mm diameter by
45 mm thick. A plastic shield equipped with
ventillation ducts is placed near the plant
surface to stop positrons that escape from
the plant tissue so that they annihilate within
the imager FOV. Individual barley leaves are
also separated with plastic shields to ensure
that positron annihilation occurs locally. (Be-
low) Snapshots indicating ''C-labeled pho-
toassimilate accumulation in a barley plant
as a function of time. The integration time
for these images is 5 min; the minimum ex-
posure time is imposed by the counting rate
of the detector system and the minimum re-
quired counting statistics within each region
of interest. The relative intensity of the
source in the image plane is coded accord-
ing to the color scale on the right side of
each frame with red representing the bright-
est pixels. The images are corrected for
background radiation, radioactive decay of
"C, and the detection efficiency as a func-
tion of location in the image plane. In the
first frame (0—5 min), the regions of interest
(leaf, shoot, and root, as indicated by the
rectangular boxes) are selected for direct
comparison to earlier collimated detector
measurements.

and roots are all visible within the detector FOV, thereby en-
abling coherent tracing of ''C throughout an entire plant. Im-
ages are reconstructed by integrating the events accumulated
during a specific exposure time. For example, the images

197



HFSP Journal

shown in Fig. 3 are 5-min-long exposures. The duration of
each exposure is limited to the time required to yield a statis-
tically significant number of detected events from each re-
gion of interest. This integration time can be adjusted to pro-
vide finer temporal resolution as long as the counting
statistics for each region of interest remain adequate. The
counting statistics can be improved by moving the detector
arrays closer together, increasing the initial ''C activity, or
selecting larger regions of interest. While the spatial reso-
lution of the instrument is fixed by the detector geometry, the
temporal resolution can vary depending on the particular ap-
plication but is fundamentally limited by the time-stamp
clock frequency.

Determination of ''C profiles using PET-based methods
requires image construction from raw coincidence event
data. The analysis involves ray tracing to determine the loca-
tion of the event vertex and correcting the raw data for geo-
metric and gamma-ray detection efficiencies using Monte
Carlo simulations of the imager-plant setup. These analysis
techniques are well proven and comparisons of simulations
to independent benchmark data for a particular experimental
setup provide checks for implementation mistakes and as-
sessments of systematic errors. We used the results of colli-
mated single-detector measurements as the standard to
which our PET-based data were compared. The single-
detector method was chosen as the standard because it mea-
sures ''C profiles directly, i.e., without the complexities of
event reconstruction. Verification of the PET-based measure-
ment techniques using single-detector benchmark data was
carried out in two steps.

First, collimation techniques were used to determine car-
bon allocation on a coarse spatial scale by measuring ''C ac-
cumulation in three regions of barley (Hordeum distichum
L.) plants: the uptake leaf, the shoot, and the root. Barley
plants were chosen because of their successful use in previ-
ous radiotracer studies of carbon transport and allocation
(e.g., Thorpe and Minchin, 1991). Each region was viewed
by a single collimated bismuth germanate (BGO) detector.
The collimators were made of small lead shielding blocks
that were arranged to define the FOV of each detector to a
specific region of the plant. This detector arrangement is
commonly used for ''C-labeled photoassimilate tracking
(Minchin and Thorpe, 2003; Schwachtje et al., 2006) and
gives results with only minor processing of the raw data. Be-
cause only one of the emitted gamma rays from electron-
positron annihilation in the plant tissue is detected, each re-
gion of interest is defined solely by the geometry of the lead
shielding. Tracer profiles from the collimated detector mea-
surements were analyzed using an input-output statistical
model (Minchin, 1978). The physical parameters that result
from this analysis are the system gain (fraction of the input
that arrives at the output) and the average transit time, which
is used to calculate the average photoassimilate velocity
(Minchin and Troughton, 1980). With our detection system,
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both leaf and shoot exports were evaluated, thereby enabling
the determination of the fraction of ''C allocated to each sec-
tion of the plant (partitioning fraction).

Second, results from the event reconstruction and analy-
sis of data taken with our 2D imager were compared with
data obtained from the collimated single-detector measure-
ments that were made as described above. The imaging mea-
surements were made on barley plants similar in age and
growth conditions as those used in the collimation experi-
ments. The barley seedlings were labeled with ''CO,, and
the !'C-photoassimilates were tracked throughout the entire
plant using the low resolution prototype imager. To enable
direct comparisons between the results obtained with the two
techniques the regions of interest within the imager FOV
were chosen to match the regions measured in the collimated
detector experiments. Time series snapshots with exposure
times of 5 min, as shown in Fig. 3, were used to trace the
accumulation of ''C in the barley seedlings. The regions of
interest, which are the uptake leaf, the shoot, and the root, are
indicated by the rectangles in the first image frame. Tracer
profiles for each region of interest are generated by integrat-
ing the image pixel values within the region for all corrected
exposure images. The input-output statistical model was ap-
plied to the tracer profiles obtained from the image data to
provide information about leaf and shoot export. The leaf ex-
port analysis quantifies the flow of photoassimilate out of the
uptake leaf and into the shoot and roots. Similarly, the shoot
export analysis describes the flow of radiotracer from the
shoot to the roots. The statistical input-output methods were
developed for use with individual detectors collimated to
monitor photoassimilate accumulation in terminal sinks of
the plant as well as the entire organism. However, these same
techniques can be applied to 2D PET images without gaps
between the detection regions as is often the case in colli-
mated detector measurements; electronic definition of the re-
gion of interest and integration of pixels in the 2D images
enables spatial continuity in the substance flow analysis. The
advantages of the imaging technique are improved spatial
resolution and the ability to quantify radiotracer flow be-
tween any physiologically relevant regions of interest in
the image plane. The application of input-output modeling
to tracer profiles from 2D PET images has previously been
demonstrated with PETIS (Keutgen et al., 2002;Keutgen
et al., 2005; Matsuhashi et al., 2005).

The patterns of carbon partitioning obtained from the
measurements made with the prototype 2D PET imager are
consistent with the results from our collimated detector mea-
surements (Table II), thus validating the image reconstruc-
tion and analysis techniques applied to the 2D PET imaging
data. Uncertainties in the partitioning fractions determined
from our collimated detector data are primarily due to varia-
tions within an individual plant as was assessed by labeling
the same plant multiple times. The somewhat larger errors
in the partitioning fractions determined using the 2D PET
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Table II. Comparison of the results of our carbon partitioning mea-
surements made using collimated detection to those obtained with our
prototype 2D PET system. Both measurement methods were applied
on barley seedlings that were 10—12 days old. These seedlings were
grown and labeled at a CO, concentration of 350 ppm. The errors in
the measured quantities are mostly due to systematic uncertainties. In
both methods the statistical uncertainties were generally a factor of 10
smaller than the systematic errors.

Measurement Labeled leaf Shoot Root

method fraction fraction fraction
Collimated detectors ~ 0.35+0.02 0.45+0.04  0.20£0.03
Prototype 2D PET 0.34+0.10 0.524+0.08  0.14+0.03

imager reflect both variation within an individual plant and
differences between plants; the PET-based data were accu-
mulated using several plants, not just one as was used in the
collimated detector measurements.

High spatial resolution 2D PET imaging: VIPER

The 2D PET imaging technique is applicable to a broad
range of spatial scales with the achievable spatial resolution
mostly dependent on the size of the individual detector
elements. A high spatial resolution 2D PET imager com-
posed of two 5 cm X 5 cm detector modules was designed
at Duke University to provide greater spatial detail. Each
module consists of a planar array of pixelated BGO crys-
tals (15X 15) coupled to a position-sensitive photomulti-
plier tube (PSPMT) with the associated position calculating
circuitry. The dimensions of each BGO pixel are 3 mm
(wide) X3 mm (high) X25 mm (thick), and adjacent pixels
are optically decoupled by a 0.25-mm-thick reflective mate-
rial. These crystals are coupled to a PSPMT with 8 X 8 anode
pads and an active area of 49 mm X 49 mm. To reduce the
number of analog-to-digital conversion channels required for
BGO pixel identification within each module, position-
calculating circuit boards are mounted onto the PSPMT. This
arrangement reduces the number of readout channels for
each module from 64 (8 X 8) anode signals to four position
signals (X, X_, Y, and Y_) (Popov et al., 2001). Because
the modular design of this system makes it highly adaptable
to a wide variety of geometries in plant studies, we refer to it
to as the Versatile Imager for Positron Emitting Radiotracers
(VIPER).

The Duke VIPER is similar to the PETIS instrument
that was developed at the Japan Atomic Energy Research
Institute. Both devices have a FOV of approximately
5 cm X5 cm, although the PETIS imager employs finer
scintillator segmentation (2 mmX2 mmX20 mm BGO
scintillator pixels). The PETIS was recently used to visualize
the accumulation of photoassimilates in grains of a wheat ear
(Matsuhashi et al., 2006) with 2.3 mm resolution. Finer de-
tector segmentation can provide better spatial resolution in
an ideal situation, although the actual spatial resolution is
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generally degraded by positron range effects. For positrons
emitted by ''C decay in wet tissue, the average distance the
positron travels before annihilation is about a millimeter.
However, positrons near the surface of the plant may escape
and travel up to 4 m in air before annihilating. To ensure pos-
itron annihilation as close to the decaying ''C nucleus as
possible, a plastic shield is placed near the surface of the
plant to supply an annihilation medium (Minchin and
Thorpe, 2003). The plastic shield increases detection effi-
ciency since positrons that could have otherwise escaped are
stopped within the detection FOV. However, overall spatial
resolution is degraded due to the increased distance allowed
between the location of the ''C nucleus and the site of
electron-positron annihilation. This trade-off between the ef-
ficiency for detecting the positron annihilations and spatial
resolution is required to ensure that all positrons emitted
within the FOV are accurately counted.

The capabilities of the VIPER have been demonstrated
using both ''C and "*N radiotracers. The ability to measure
carbon accumulation as a function of position within the
VIPER FOV was demonstrated by tracking the distribution
of ''C-labeled photoassimilates ina 5 cm X 5 cm region of a
germinated bean (Pisum sativum L.) seedling (Fig. 4). In
these measurements the labeled leaf was sealed in a cuvette
into which air with a mixture of '*CO, and ''CO, flowed.
The labeling cuvette was located above the imager FOV and
the roots were placed in a hydroponic rectangular container.
For the images shown in Fig. 4, the FOV of the VIPER in-
cluded the shoot and the upper portion of the roots. The inte-
gration time for each frame in Fig. 4 was 5 min. Note that
tracer accumulation is first detected in the lower shoot region
about 25 min after ''CO, is introduced to the labeled leaf.
This delay is the time required for 11CO2 assimilation in the
leaf and the subsequent transport of photoassimilates out of
the leaf and through the upper portion of the shoot. The
!C-labeled carbohydrates are then transported around the
seed cotyledon and down into the upper root region. Though
most of the ''C accumulation is observed in the primary root
possibly for storage, significant accumulation is measured in
a fine root after about 80 min of labeling (seen just to the left
of the bubbling tube in Fig. 4) suggesting lower C allocation
priorities in the fine active roots. The series of images dem-
onstrates the ability of the VIPER to reconstruct the distribu-
tion of 'C-labeled photoassimilates with high spatial reso-
lutionina 5 cm X5 cm FOV.

Measurement of transport properties in the translocation
of nitrogen ions from the root bathing solution to the foliage
of a barley plant has also been carried out successfully with
the VIPER. Here, nitrate ions (ISNOg) were produced at
TUNL by bombarding a depleted water target (H,O with
99.99% '°0) with a proton beam. This process results in an
aqueous solution of '*N nuclei that are >90% '*NOj3. Nitrite
and ammonium ions are also produced in the solution in
small quantities (Chasko and Thayer, 1981). The *N-labeled
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Figure 4. Snapshots taken with VIPER of accumulation of
"1C-labeled photoassimilates in the lower shoot and root of a
bean plant as a function of time. The images are obtained by
coincidence detection of the back-to-back gamma rays emitted from
positron annihilation in the plant. The dashed square indicates the
VIPER FOV, and each image pixel is 1 mm X1 mm. The integration
time for these images is 5 min for demonstration purposes, but the
exposure time can be decreased to 1 min, which is the limit imposed
by the counting statistics within each region of interest for this par-
ticular setup.

solution was added to the root hydroponic solution, and
3N-labeled ions were assimilated in the roots and trans-
ported to plant sinks. The >N in the roots was monitored
using coincidence counting, and the VIPER was used to
visualize '*N accumulation in two leaves of a barley plant.
After about 15 min the *N-labeled compounds were de-
tected in leaves located about 6 cm above the shoot-root in-
terface (data not shown).

Hybrid detection system with low and high spatial
resolution techniques

The integration of coincidence counting with high resolution
2D PET imaging is an efficient and effective approach to
studying entire plants and plant systems where a large or dis-
tributed FOV is required. The types of experiments that can
currently be performed with high spatial resolution are pri-
marily limited by the FOV covered by imaging devices with
resolution finer than about 3 mm. Though high spatial reso-
lution is desired in many instances, some regions of interest
for the overall analysis may not require detailed spatial infor-
mation. These regions can be monitored separately using co-
incidence counting with nonsegmented detectors.
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Combining high spatial resolution imaging with coinci-
dence counting to form a hybrid radiotracer system requires
an accurate determination of the relative detection efficiency
for each detection region. The relative detection efficiency
for each region of our hybrid system is determined by plac-
ing a positron-emitting source at the center of each FOV and
measuring the decay-corrected count rate. The positron-
emitting source is a granule of soda lime that has absorbed
'1C0, gas. Monte-Carlo simulations are used to calculate the
relative detection efficiency as a function of position across
each FOV. The simulation for the VIPER is normalized to the
efficiency of the other detector pairs in the system using the
measurements made with the soda-lime source. For regions
monitored by nonsegmented detectors, the measured relative
detection efficiency is scaled by the average calculated de-
tection efficiency across the FOV. Once corrections for back-
ground radiation, radioactive half-life, and relative detection
efficiency have been applied, quantitative determinations of
material flow throughout the entire system can be made.

An example of experiments being performed at Duke
University that takes advantage of a hybrid detection system
is the measurement of total carbon allocation and transloca-
tion, including root exudation and root respiration under
various environmental conditions. Coincidence counting is
utilized to monitor accumulation of ''C-photoassimilates in
the labeled leaf and roots; it is also used to monitor the exu-
dation of soluble ''C-labeled compounds from the roots and
11CO2 gas that is respired by the roots. The quantity of ra-
diotracer released from plant roots in the form of soluble
exudates or respired carbon dioxide gas is measured by cir-
culating the root bathing solution in a closed system (Fig. 5).
The flow of the circulated solution transports soluble exu-
dates out of the rhizosphere and into a flask where a detector
monitors radiotracer accumulation within a sample of the
well-mixed solution. This experimental design is a modifica-
tion of the setup used by Minchin and McNaughton (1984).
While high spatial resolution imaging is not required to
monitor the root exudation and respiration flasks, it is needed
in the shoot region to enable measurement of material flow
in regions of interest within the shoot as well as carbon
allocation analysis on a coarse spatial scale (i.e., leaf, shoot,
and root). Better spatial resolution can elucidate relative
sink strengths, such as reloading of photoassimilate into a
region of the shoot adjacent to the labeled leaf rather than
root allocation.

FUTURE DIRECTIONS

To coherently trace short-lived positron-emitting isotopes
throughout an entire plant seedling or parts of a larger plant
with high spatial resolution, detector modules similar to
the ones in the current small FOV imagers can be tiled into
planar arrays. This concept has driven the development of
a large FOV imager at Duke based on tiled arrays of the
VIPER module. The proposed imager is composed of 4 X 6
detector modules in each array, covering a FOV approxi-
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Figure 5. Diagram of an experiment that uses the hybrid detector system to measure full-plant carbon partitioning dynamics as well
as root exudation and root respiration. The root exudation and respiration are measured by circulating the root bathing solution in a closed

loop. The ''C accumulation in the labeled leaf and root is monitored
resolution is not required in these regions. Coincidence counting is also

via coincidence counting instead of imaging because high spatial
used to monitor "'C-labeled root exudates and ''CO, respired from

the roots. VIPER is used to measure ''C accumulation in the shoot of the plant.

mately 20 cm wide X 30 cm tall. The primary benefit of this
modular design is the flexibility it provides. The modules
may be rearranged within the detector array frame to accom-
modate various plant geometries while covering a total imag-
ing area of 600 cm?. This type of flexibility is not a standard
feature of commercially available PET imaging devices.
Hamamatsu Photonics has constructed and demonstrated the
capabilities of an imaging system with a FOV approximately
12 cm wide X 19 cm tall and a spatial resolution of 2 mm
(Uchida et al., 2004; Kawachi et al., 2006), and PlanTIS pro-
vides 3D images with a spatial resolution of 1.3 mm (Streun
etal.,2007). Though these systems currently have the largest
coverage areas of any high spatial resolution PET imaging
systems with demonstrated plant applications, they do not
offer the flexibility of the planned Duke imager.

Imaging and quantitative analysis of the dynamic trans-
port of metabolites using radiotracers will improve our un-
derstanding of the complexity of controls on plant growth
and development in changing environments. Measurement
of radiotracer transport and allocation over a large FOV with
high spatial resolution will provide information on fine-scale
dynamics that is not accessible using other techniques. For
example, characterization of gene function for whole-plant
transgenics can be monitored in dynamic light environments,
in soils with heterogeneous nutrient availability or water
pulses, or after insect or pathogen attacks. The technique can
be used for screening different genotypes for particular traits
likely to improve plant growth. Additionally, imaging tech-
niques will provide data to parameterize and test plant
growth models from the plant-soil interface (e.g., root
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exudates-microbe interactions) to the physiological limita-
tions of source-sink carbohydrate loading in future elevated
CO, environment or in polluted air, whole-plant dynamics of
carbon allocation as mediated by nitrogen, and whole-plant
hydraulics in fluctuating environments. The variety of plants
species used and their different growth stages requires a ver-
satile imaging system made up of both high and low spatial
resolution components that provides the opportunity to ob-
serve the spatiotemporal dynamics of metabolites on mul-
tiple scales. In addition to providing physiological informa-
tion, versatile radiotracer imaging systems can also be used
to provide a better understanding of metabolite dynamics on
an ecological scale, such as insight into plant-fungal interac-
tions or responses to herbivory.

CONCLUSIONS

The collaboration of scientists across multiple disciplines
provides the expertise to study the responses of plants to en-
vironmental changes using radioisotopes. Measurements
with short-lived positron-emitting isotopes have led to a bet-
ter understanding of basic physiological and ecological phe-
nomena. The development of quantitative analysis methods
for tracer profiles has been crucial to the interpretation of
measurements using short-lived radioisotopes. Statistical
input-output models do not require a priori knowledge of the
mechanisms driving tracer transport, but physiologically
meaningful parameters can be determined from data using
this model, thereby providing consistency checks on mecha-
nistic interpretations of certain phenomena. The recent appli-
cation of PET techniques for plant research allows for obser-
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vation of real-time metabolite dynamics on previously
unexplored spatial scales and creates opportunities for new
discoveries. At the subcellular scale, the increased knowl-
edge of genomes for various species combined with the
spatio-temporal measurements made possible by new ra-
diotracer techniques could help identify gene function in an
environmental context. At the other end of the spatial scale,
i.e., plant-organism interactions, the technique has promise
in helping to elucidate the dynamics of short-term energy
and nutrient fluxes between organisms.
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