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We performed an imaging analysis of K in Arabidopsis using real-time radioisotope imaging system
(RRIS). First, we purified *’K from an ?Ar—K generator. And then, we characterized RRIS performance by

quantitatively determining “*K using standard series. As a result, the dynamic range for “*K was determined

to be at least three orders of magnitude. Next, we evaluated the level of self-absorption in Arabidopsis organs

by comparing the signal intensity detected using RRIS and the actual radioactivity detected by a gamma-

counting method. There was no significant difference in detection efficiency between the thick bolt (stem) tis-

sue and the thin leaf tissue. The reason for scarce self-absorption could be related to the relatively strong 8

ray emissions that have a maximum energy of 3 525.4 keV.
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1. Introduction

Potassium (K) is one of the major essential
elements in plants and its physiological role
and the role of transporters mediating the
transmembrane K transport within plant tis-
sues have been intensively studied” ~®. Despite
this, the behavior of long-distance K transport
in a plant, the organ to which K is transported
after it has been absorbed by the root, and the
factors affecting K transport have not yet been
clarified. Knowledge of long-distance K trans-
port has been obtained from data concerning
distributions and functions of K transporters,
or changes in tissue K concentrations” ®. The
development of a new technique that uses a K

(3)

isotope in combination with a sequential detec-
tion method, or live-imaging method, would be
a highly effective tool for understanding K be-
havior in a living plant.

Because radioisotopes of K are not commer-
cially available, Rubidium-86 (*Rb), which is
thought to behave similarly to K in plants, has
been substituted as a tracer for K?*”+¥. How-
ever, there is no evidence that Rb undertakes
the physiological role of K or whether it com-
pletely traces the behavior of K?. For example,
when ¥Rb was used as a K* label in an uptake
study using barley, values were reported to be
underestimated”’. To accurately observe K
movement, it is best to employ K isotopes as
tracers.
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“K is a well-known natural radioactive iso-
tope of K, but there are few reports of it being
used as a tracer because it is difficult to pro-
duce and obtain pure radioisotopes. In addition,
#K has been employed as a tracer in rabbits!’

and rice?

and it was produced using a cyclo-
tron™. However, the halflife of ®*K, 7.6 m, is
very short for analyzing movement that takes
more than 1h, and consequently this short-life
nuclide is not suitable for plant analysis. An-
other radioactive isotope, K (main f-ray:
mean energy 1566.0keV, maximum energy
35254 keV, 81.90%, main y-ray:1524.6 keV,
18.08%) , has the potential to be used as a tracer,
and the kinetics of K in a plant root using K
produced in a nuclear reactor have been re-
ported™® ',

However, using ®K in an imaging experi-
ment has two problems regarding the feature
of “K. Firstly, K isa 8~ and y-ray emitter, not
a B* emitter. At present, most radionuclide im-
aging apparatus are based on positron emission
tomography (PET) and use positron-emitting
nuclides generated in a type of accelerator'® 1.
Meanwhile, the real-time radioisotope imaging
system (RRIS), which we developed in Japan,
has the potential to sequentially detect radia-
tion from “K because RRIS is highly sensitive
to B-rays as well as X-rays®'®. The second
problem with “K is that it has a relatively short
half-life (12.36 h). This means that *K is neither
commercially available at present nor trans-
portable over a long distance. Therefore, we
used the K milking system and set up the “*Ar
—%K generator near the RRIS experiment area
to obtain “K just before experiments.

In this report, we quantitatively evaluated
the imaging of K using RRIS and applied it to
the dynamic analysis of K transport in intact
plants. In addition, we considered the effect of
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self-absorption, which is the shielding effect by
the plant tissue itself to radioactivity. In cases
where B-ray-emitting nuclides were used as
tracers, there was concern that self-absorption
of weak B-rays in plant samples affects quanti-
tative efficiency’. Although the energy of B-
rays from K are relatively strong(maximum
energy =3 525.4 keV), there is a little possibil-
ity of self-absorption. Thus, to assess the practi-
cal usefulness of “K for imaging in plant physi-
ology research, we evaluated the level of self-
absorption using Arabidopsis tissues and com-
pared the signal intensity detected by RRIS
with the radioactivity detected by the y-ray
counting method.

2. Materials and methods

2+1 Plant materials

Arabidopsis thaliana plants were grown on
MGRL culture solution for plants® for 4-5
weeks in a growth chamber at 22C with 16-h
light period and 8-h dark period.

2+2 Preparation of the K solution

K was obtained from the ?Ar-*K generator
using the method #’ with minor modifications.
In this generator, *Ar, whose half-life is ap-
proximately 33 years, decays to continuously
produce “K. “?Ar was produced by the “Ar(t,
p)“Ar reaction in a cyclotron?. A steel cath-
ode was inserted into a generator and approxi-
mately 60V was applied to accumulate K
with a positive charge (Fig.1). This cathode
was then washed for 10 m to obtain approxi-
mately 5 000 Bq of “K solution in a 0.5 mM KCl
solution or in the MGRL culture solution. The
radioactivity of the extracted solution was
measured using a liquid scintillation counter
(LSC 6100, ALOKA).
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Fig.1

(a)Picture and schematic drawing of the 2Ar—*2K generator. A charge of 60 V was applied to the

cathode to attract ionized K. (b) The method for extracting “K from the cathode. A syringe filled
with extracting solution was attached to the tip of a cut pipette and the cathode was inserted into
the opposite end of the pipette. The solution was pushed into the pipette from the syringe to im-
merse and wash the cathode. The K solution was then collected in the syringe and the cathode was

replaced into the generator.

2+3 Verification of determination range

Dilution series of 2 uL (approximately
1-1 000 Bg/mm?) were spotted on a polyeth-
ylene terephthalate sheet and covered with
polyethylene film. Radioactivities of the spots
were measured using RRIS. The detailed struc-
ture of RRIS apparatus and the measuring
method are described in Sugita et al.(2014).
The image data from RRIS were processed us-
ing AQUACOSMOS

Photonics).

software (Hamamatsu

2+4 Verification of self-absorption by plant
samples

Arabidopsis plants were transferred to

MGRL culture solution containing K (2 - 2.5

mL, approximately 5 000 Bq) to start K absorp-

tion. After 4 h, the roots were washed with

(5)

water and the plants were separated into roots,
rosette leaves, bolts, cauline leaves, seedpods,
foliar buds, and flowers. Each part was at-
tached to a mount using an adhesive tape and
covered with polyethylene film. The samples
were analyzed using RRIS in the same way as
the test for range determination and the radio-
activities were measured using a gamma
counter (ARC-300, ALOKA).

3. Results and discussion

3:1 Lower and upper limit of quantification

To confirm the validity of radiation from *K
with existing detection methods, spots of stan-
dard solution were measured using RRIS. A
lower limit of quantitation by RRIS was defined
as 3 X ¢ (o =standard deviation of background
intensities). The averages (and standard devia-
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Table 1 The properties of K detection by RRIS. The lower limit was calculated as three-fold standard de-
viations of the background intensity. The dynamic range is a ratio between the upper and lower

limits.
3m 5m 10m 15 m
RRIS
The lower limit (Bq/mm?) 1.0 X 107" 91 x 1072 56 X 1072 22 x 107
The upper limit (Bq/mm?) 48 x 10? 48 x 102 2.4 x 102 24 x 102
The dynamic range 47 x 10° 52 x 10° 43 x 10° 1.1 x 10*
The coefficient of determination R? 0.9921 0.9908 0.9928 0.9923

tions) of background intensities of 3, 5, 10, 15-m
detection were 1.5(1.2), 1.7(1.8), 3.3(25) and 3.2
(25) counts/mm? respectively. The calculated
lower limits of quantitation by RRIS for several
detection times(3-15m) varied from 2.2
1072Bg/mm?(15m) to 1.0 X 10 'Bg/mm?(3 m)
as shown in Table 1, indicating that longer de-
tection time resulted in a better lower limit.

To determine the upper limit of quantifica-
tion, signal intensities of the standard spots
were plotted, and these had radioactivities that
were higher than the lower limit (Fig.2 a). The
signal intensity was obtained from region-of-in-
terest (ROI) which was the same area where
the drop of a standard spot was spread. Fur-
thermore, calibration curves were drawn from
the lowest to the highest point to provide coef-
ficients of determination, where R>>0.99. Here
the highest point was defined as the upper
limit. When the ROI was set as an actual spot
size, the upper limits of quantification were
shown to be either 250 Bq/mm?(10 and 15 m)
or 500 Bq/mm?(3 and 5 m) (Fig.2 b). The up-
per limits for each detection time were in the
order of 10? and the dynamic ranges (a ratio be-
tween the highest and lowest points in the cali-
bration plots) were approximately 5.0 % 10* in-
dependent of detection times, except for detec-
tion at 15 m, 1.1 X 10*(Table 1). These resulted
from the RRIS property that the number of
photons countable by RRIS per unit of time

(6)

was definite!®. In RRIS, only one photon can be
detected per one pixel per one frame. Accord-
ingly, the upper limits became much higher (>
500 Bg/mm? when the size of ROIs were in-
creased by 4 to 25 times(Fig. 2 c), as a conse-
quence of a decreased proportion of saturated
pixels in ROIs. Setting ROIs larger has an ad-
vantage to pick up the diffused radiations and
this is helpful especially for strong radiation
emitter as “K whose radiations go through the

plant tissues to diffuse easily.

3+2 Self-absorption by plant tissue

To assess the practical use of ?K for plant
physiology research, the quantitative efficiency
of radiation from various tissues of Arabidopsis
was investigated. Signal intensities from roots,
rosette leaves, bolts, cauline leaves, seedpods,
foliar buds, and flowers detected by RRIS were
plotted against the number of counts detected
by the gamma counter, which were considered
to be proportional to the actual radioactivities
in the tissues(Fig.3). The transport of “K to
flowers or seedpods was in such low quantities
that detectable signals could not be secured. In
the case that a measurable amount of energy
emitted from “K contained within the plant tis-
sue is absorbed by the plant tissue itself, the ef-
ficiency of detection of “K should be low, and
thus the slope of the calibration curve should
be remarkably decreased. This phenomenon of
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Fig.2 (a)Signal intensity (Intensity/mm?) detected by RRIS (real-time radioisotope imaging system) is
plotted against radioactivity (Bq/mm?) measured by liquid scintillation counter when ROIs were set
as spot sizes. The background value was subtracted from each measured value. (b)Calibration
curves drawn between the lowest point and the highest point show R? values larger than 0.99. (c)
Signal intensities and calibration curves when ROIs were expanded to cover entire signals.

self-absorption has been observed in the detec-
tion of low-energy radiation from thick tis-
sues™. The signals detected by RRIS and the
counts detected by the gamma counter of
whole tissues were well correlated with R? val-
ues of approximately >0.9 (Fig.3a), and the
slopes of the individual calibration curves for
these tissues, except for roots, were approxi-
mately 20(19.1 — 22.6) within range of approxi-
mately 15% difference(Table 2). Based on a
lack of significant difference between the
slopes in plots of data for the thick bolt tissue
and the thin leaf tissue, we suggest that the 2K

(7))

radiation is scarcely affected by self-absorption.
In the case of the root, the slope of the calibra-
tion curve (29.4) was higher than the other tis-
sues (Fig. 3, Table 2). It is possible that self-ab-
sorption was extremely small in the root, but
the result remains to be elucidated, particularly
because the sample volume of the root was
small (n =4) (Fig. 3 ). For the practical applica-
tion of RRIS, a correction based on the calibra-
tion curve for each tissue would enable precise
quantification of sequential images.
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Fig.3 (a)Signal intensities detected by RRIS (real-time radioisotope imaging system) plotted against the

counts detected by the gamma counter for various plant tissues. Calibration curves were drawn

from plots of tissues (rosette leaves, cauline leaves, foliar buds, bolts). (b) rosette leaves, (c)cauline

leaves, (d)foliar buds, (e) bolts, and (f) roots. The representative example of an RRIS image on each

tissue was shown on the right bottom of the plot. All scale bars represented 1 cm and the color bar

in (b) was common among (b) to ().

Table 2 Calibration curve parameters of various tissues analyzed by RRIS (real-time radioisotope imaging

system). The slopes were calculated from the calibration curve of each tissue in Fig. 3.

Calibration curve slope

Coefficient of determination (/?)

number of measured sample

Rosette leaves  22.6 0.9287
Cauline leaves  19.5 0.8803
Foliar buds 19.5 0.9313
Bolts 19.1 0.9542
Roots 29.4 0.9648

21
9
9
20
4

3-3 Possibility of using the K tracer ex-
periment for an intact plant

One inherent feature of the “?Ar—*K genera-
tor is that the maximum amount of “K that can
be produced at a time is only 10 kBq. Further-
more, the half-life of K is 12 h, which means
that the total radioactivity is remarkably de-
cayed after several hours of imaging. On the
other hand, the high-energy B-rays emitted
from K were shown to operate in favor of
RRIS imaging. Detection of radiation by RRIS

(8)

depends on the dose of radioactivity, which is
determined by how efficiently the radiation is
converted to signal intensity. In addition, the
larger signal intensity makes counting errors
smaller, and provides a good signal-to-noise ra-
tio that enables high-precision analysis. The
conversion efficiency of “K by RRIS was calcu-
lated as the ratio of intensity to radioactivity
(Bq) by least-squares method, which was
44475 when the detection time was 15 m, and

is apparent in the slope of the calibration curve
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in Fig.2. Other radionuclides #Na, %Zn, *Rb,
109Cd,
tested, and the ratios of intensity to radioactiv-
ity(Bq) were 33055, 13.371, 412.79, 77.981,
305.61, and 692.3 respectively'” ?. Compared

B’Cs, and ®Mg have been previously

with these radionuclides, the radiation from K
efficiently contributed to the signal intensity,
thus, the high-energy f-rays easily reached the
scintillator for conversion into photons. In addi-
tion, it is advantageous for imaging experi-
ments that self-absorption hardly contribute to
reducing the ¥K radiation. This study demon-
strates that the generator-derived K can be
used for quantitative imaging experiments ana-
lyzed by RRIS, and could be a useful tool for
plant physiology research.
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