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Abstract  34 

 35 

The differences in the transport characteristics in planta between potassium (K+) 36 

and cesium (Cs+) was investigated using their radionuclides, 42K+ and 137Cs+. A 37 

tracer experiment using nutrient solutions supplemented with 42K and 137Cs 38 

revealed that the ratio of the root’s K+ uptake rate to its Cs+ uptake rate was 7 to 39 

11 times higher than the K+/Cs+ concentration ratio in the solution, and the number 40 

was varied depending on the K concentration in the solution and also on the 41 

growth condition. After entering through the root tissues, the 42K+/137Cs+ ratio in 42 

the shoots was 4.28 times higher than the value in the roots. However, the 43 

42K+/137Cs+ ratio in each leaf did not differ significantly, indicating that the 44 

primary transport of K+ and Cs+ in the shoots are similarly regulated. On the other 45 

hand, among the radionuclides stored in the roots over 4 h, 30% of the 42K+ was 46 

exported from the roots over the following hour, while only 8% of 137Cs+ was 47 

exported. In addition, within the xylem, K+ was shown to travel slowly, whereas 48 

Cs+ passed quickly through the roots into the shoots. In conclusion, very different 49 

transport patterns for the two ions were demonstrated in the root tissues. 50 

 51 

 52 

Key words 53 

selectivity, channel blocker, ion uptake, deficiency, live-imaging   54 
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Introduction 55 

 56 

Radiocesium is a contaminant that reaches the food chain via plants. Along with 57 

other radionuclides, radiocesium can be generated by nuclear reactions and can be 58 

released into the environment as a consequence of nuclear tests or accidents in 59 

nuclear power plants. Once radiocesium pollutes the environment, especially 60 

cesium (Cs+)-137 (137Cs+), it remains an environmental contaminant for a long 61 

time because of its 30-year half-life.  62 

It has been strongly suggested that plants can absorb Cs+ through a mechanism 63 

linked to the potassium (K+) uptake system (White and Broadley 2000). K+ is a 64 

macronutrient and is an alkali metal having some similar chemical properties to 65 

Cs+. Soil naturally contains both K+ and Cs+, and usually the content of the stable 66 

Cs isotope, 133Cs, is less than one thousandth of the K content in Japanese paddy 67 

and upland soils (Kamei-Ishikawa et al., 2011). At the uptake stage in roots, an 68 

increased K+ concentration in an external culture solution could reduce the Cs+ 69 

uptake rate, indicating that K+ and Cs+ compete with each other (Zhu and 70 

Smolders 2000). Similarly, in experiments conducted at a variety of polluted fields, 71 

K+ fertilization reduced the 137Cs+ amount in plant tissues (Robison and Stone 72 

1992; Lembrechts 1993; Nisbet et al., 1993; Ohmori et al., 2014). Furthermore, 73 

some K+ transporters functioning in K+ uptake have Cs+ permeability (White and 74 

Broadley 2000, Hampton et al., 2005). 75 

Knowledge regarding Cs+ transport within the plant body in relation to K+ is 76 

limited compared with that on the Cs+ uptake to the roots. To compare Cs+ and K+ 77 

transport, several researchers have measured the concentration of Cs+ and K+ in 78 

different organs based on the hypothesis that different transport systems should 79 

result in different concentration distributions in the plant, which would appear as a 80 

varied Cs+/K+ ratio among organs (Tsukada et al, 2002; Schneider et al., 2008). 81 

Then, the Cs+/K+ ratio was found to be > 2-fold different among the organs in 82 

willows (Gommers et al., 2000), maize (Schneider et al., 2008), and coconut trees 83 

(Robison et al., 2009). In broad bean, the net uptake rates of K+ and 137Cs+ in 84 

certain organs in a day were determined, and it was shown that, unlike K+, 137Cs+ 85 

accumulated preferentially in the roots (Zhu et al., 2002). These reports indicate 86 

that Cs+ and K+ behave differently in the plant body. Nevertheless, the Cs+ 87 
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transport system could be related to the K+ transport mechanism because K+ 88 

availability could modify the Cs+ concentration distribution (Robison et al., 2009; 89 

Nobori et al., 2014). Additionally, the radiocesium, 134, 137Cs+, concentration in 90 

brown rice strongly correlated with the ratio of 40K+:134, 137Cs+ in straw (Sekimoto 91 

et al., 2014). The Cs+ transport stage could consist of several phases, including 92 

subcellular compartmentalization, vascular transport and remobilization. Until 93 

now, the transport phase, which could cause different distribution patterns of K+ 94 

and Cs+, has not been identified. 95 

In this study, 42K+ and 137Cs+ were exploited to characterize the similarities and 96 

differences in the short-term movement of K+ and Cs+ in rice plants. First, a 42K+–97 

137Cs+ double-tracer experiment to analyze the movement of K+ and Cs+ in the 98 

same sample was established. Then, the 42K+–137Cs+ double-tracer technique was 99 

applied to investigate the competitive uptake and the long-distance vascular 100 

transport properties of K+ and Cs+ in terms of the K+/Cs+ ratio. Fluctuations of the 101 

K+ and Cs+ uptake rate in response to K conditions and the treatment of the K+ 102 

transport inhibitors, tetraethyl ammonium (TEA) and gadolinium (Gd3+), were 103 

also determined. The flow of K+ and Cs+ from the root tissues to the shoots was 104 

further investigated based on the sequential changes in the radionuclide contents 105 

in the roots and the leaves of intact seedlings, as determined by the live imaging 106 

data. Also, the behavior of 42K+ and 137Cs+ along the length of the root vascular 107 

tissue was characterized by tracking the concentration of each radionuclide in 108 

1-cm-long root segments. To our knowledge, this is the first report presenting a 109 

direct contrast of internal K+ and Cs+ transport using their radionuclides as tracers.  110 

 111 

 112 

Materials and Methods  113 

 114 

Measurement of 42K+ and 137Cs+ by gamma-counting methods 115 

The solution of 42KCl was obtained using a 42Ar+–42K+ generator (Homareda et al., 116 

1986; Aramaki et al., 2015).  117 

The gamma-ray emitted from 42K+ (1525 keV) and 137Cs+ (661.7 keV) (Fig. 1A) 118 

was measured by a well-type NaI (Tl) scintillation counter (NaI counter; 119 

ARC-300, Aloka, Tokyo, Japan) with the counting window set at 200−1600 keV. 120 
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When a sample contains both radioisotopes, the short half-life of 42K+ (12.36 h) is 121 

exploited to determine the amount of 42K+ by subtracting 137Cs+ (counts per 122 

minute, cpm) from the total amount of 137Cs+ and 42K+ (cpm). The amount of 123 

137Cs+ (cpm) can be determined by measuring the sample after 42K+ has decayed. 124 

To verify this “simple subtraction” method, the test sample solutions with or 125 

without 137Cs+ (0, 80 or 890 Bq/ml) were prepared, to which 42K+ at 120 Bq/ml or 126 

640 Bq/ml was added (day 0). Then, 1 ml of each test solution was placed into a 127 

plastic tube (2 ml) and a U8 container (100 ml) to be analyzed using the NaI 128 

counter and a high purity germanium (Ge) detector (Ge detector; GEM-type, 129 

ORTEC), respectively. To the U8 container, 9 ml of pure water was added to 130 

stabilize the sample. The NaI counter and Ge detector measurements were 131 

performed at exactly the same time to eliminate an attenuation correction. The 132 

radioactivity was measured three times over an 8-day period, from day 0 to day 7, 133 

for an exact time to obtain enough counts to allow for counting error of less than 134 

10%. 135 

The amount of 42K+ (Bq) in the test solution measured by the Ge detector was 136 

compared with the amount of 42K+ (cpm) determined by the simple subtraction 137 

method. 138 

 139 

Plant growth conditions 140 

Rice (Oryza sativa. L. ‘Nipponbare’) seeds were germinated by submerging them 141 

in water at 30°C for 3 d. After germination, plantlets were put on plastic nets and 142 

floated on a 0.5 mM CaCl2 solution at 30°C for 2 d. Then, rice plants were 143 

transplanted to the half-strength Kimura-B nutrient solution (270 M K+) 144 

supplemented with 0.1 M CsCl. Cultivation occurred in the growth chamber set 145 

at 30°C and a light/dark cycle of 16 h/8 h. The concentrations of the chemicals in 146 

the solution was: 180 M (NH4)2SO4, 270 M MgSO4, 91 M KNO3, 180 M 147 

Ca(NO3)2, 91 M KH2PO4, 46 M K2SO4, 46 M Fe-citrate, 6.7 M MnCl2, 9 148 

M H3BO3, 150 nM ZnSO4, 160 nM CuSO4 and 15 nM (NH4)6Mo7O24. To keep 149 

the pH to 5.6, 2.5 mM 2-morpholinoethanesulfonic acid (MES), monohydrate, 150 

was added and adjusted by NaOH (~1 mM). The nutrient solution was refreshed 151 

every 2−3 d. Some seedlings were transplanted to the nutrient solution with low K 152 

(5 M) or the one with high K (3 mM) concentration 4 days before the 153 
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experiment. 154 

 155 

Measurement of K+ and Cs+ uptake rate 156 

Two-week-old rice seedlings developing the fourth leaf (L4) were used for the 157 

radionuclide K+ and Cs+ uptake analysis. For the incubation medium, 158 

half-strength Kimura-B supplemented with 0.1 M CsCl nutrient solution 159 

containing 10, 20, 100, 250, 1000 or 2000 M K+ was prepared, to which the 160 

15−90 Bq/ml of 42K+ as well as 25−50 Bq/ml of 137Cs+ were added. To modify the 161 

K+ concentration, potassium salt in the half-strength Kimura-B nutrient solution 162 

was substituted by a sodium salt, and then KCl was added at a concentration of 163 

10−2000 M. 164 

The rice seedlings’ roots were pre-incubated in the incubation medium without 165 

radionuclides at 30°C for 10 min, followed by a 20 min incubation in the 166 

incubation medium at 30°C. To measure the inhibition effects of TEA and Gd3+ on 167 

the K+ and Cs+ uptake, either 20 mM TEACl or 0.1 mM GdCl3 was added to the 168 

incubation medium 3 min before the addition of radiotracers, and the incubation 169 

time was set at 15 min. After incubation, the seedlings fed with 42K+ and 137Cs+ 170 

were washed in the incubation solution with no radionuclide at 4°C for 10 min. 171 

Then, the seedlings were harvested, the roots and the shoots were separated, their 172 

fresh weight was measured, and the level of radionuclides was consequently 173 

counted using NaI counter with the counting window set at 200−1600 keV to 174 

measure the total gamma radiation (cpm) emitted by 42K+ and 137Cs+. Then, one 175 

week later, when 42K+ had decayed below the detection limit, the gamma-rays of 176 

the samples were counted again to determine the 137Cs+ radiation. Accordingly, the 177 

radiation emitted by 42K+ was calculated from the data of total counts and 137Cs+ 178 

counts by simple subtraction. The amounts of K+ and Cs+ accumulated in the roots 179 

and the shoots over ~20 min was calculated based on the amount of 42K+ and 180 

137Cs+, as well as the concentration of K+ (10−2000 M) and Cs+ (0.1 M) in the 181 

incubation medium. Finally, the uptake rate was obtained by dividing the total 182 

accumulation by the root fresh weight and time. 183 

 184 

Analysis of K+ and Cs+ distribution among the tissues by double-tracer technique 185 

Three-week-old seedlings having six mature leaves (L1−L6) and one elongating 186 
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leaf (L7) were incubated in the half-strength Kimura-B medium supplemented 187 

with 0.1 M CsCl nutrient solution containing 100 Bq/ml of 42K+ and 3000 Bq/ml 188 

137Cs+ at 30°C for 30 min. After incubation, rice plants were washed in the 189 

incubation solution with no radionuclide at 4°C for 10 min. At harvesting, the 190 

roots, L4, L5, L6 and L7 were separated, and the remaining tissues, including old 191 

leaves (L1−L3) and the bottom of the shoots, were collected. L4, L5, and L6 were 192 

further separated into sheath and blade. L7, which was just elongating and hidden 193 

in the L6 sheath, had not developed a sheath yet. The radioactivity of 42K+ and 194 

137Cs+ in each tissue was determined as described above, and the amount of K+ 195 

and Cs+ transported to each tissue in 30 min was calculated. 196 

 197 

Root-to-shoot flow analysis using a live-imaging system 198 

To analyze the K+ and Cs+ transport kinetics from the roots to the shoots, the 199 

radioactivity of 42K+ and 137Cs+ in the roots and the shoots was sequentially 200 

quantified using a real-time radioisotope imaging system (RRIS) (Kanno et al., 201 

2012; Hirose et al., 2013; Sugita et al., 2014; Aramaki et al., 2015). The roots of 202 

10-day-old rice seedlings with developing L3s were placed in root chambers 203 

containing 3 ml of the half-strength Kimura-B medium supplemented with 0.1 M 204 

CsCl nutrient solution. Then, the seedlings, as along with the root chambers, were 205 

placed on a detector surface 10 cm wide and 20 cm high. The roots in the root 206 

chambers were fixed using a blue polyurethane sheet. The sequential imaging was 207 

started immediately after the nutrient solution was replaced with the incubation 208 

medium containing either 9 kBq 42K+ or 150 kBq 137Cs+. During imaging, 209 

intermittent lighting with a light/dark cycle of 7 min/3 min was employed. The 210 

image of the radioactivity was captured during the dark period because the RRIS 211 

contains a charge coupled device camera, which is highly sensitive to photons 212 

(Hirose et al., 2013). After 4 h, the incubation medium in the root chamber was 213 

replaced with the radionuclide-free medium, and the imaging was continued for 214 

another 4 h. For the quantitative analyses, the signal intensities detected in the 215 

regions-of-interest (ROIs) set as the roots and the shoots, as well as the medium 216 

and the background area, were measured using image analysis software 217 

(AQUACOSMOS, Hamamatsu Photonics, Co., Hamamatsu City, Japan). To 218 

describe the time course of the intensity in the roots and the shoots, the intensity 219 
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in each ROI was normalized by the intensity at 4 h. For 42K+ quantification, the 220 

radioactive decay that occurred during imaging because of the short half-life was 221 

computationally corrected.  222 

 223 

Analysis of K+ and Cs+ transport along the root vascular tissue 224 

The 6-day-old seedlings having 6−7 cm long main roots and some crown roots 225 

shorter than 1 cm were laid in a compartment-box (Kawasaki et al., 1984; Ma et 226 

al., 2001; Kobayashi et al., 2013). For the main roots, the segments between 2 cm 227 

and 3 cm from the root tip were partitioned using Vaseline containing the 228 

incubation medium supplemented with either 1 kBq 42K+ or 1.6 kBq 137Cs+. Other 229 

root parts were submerged in the nutrient solution without radionuclides. After 1 h 230 

of incubation, the radionuclide-added root section was excised, and the remaining 231 

roots were separated into bottom roots, upper roots, crown roots, and shoots. The 232 

amount of 42K+ or 137Cs+ in each tissue was determined using an imaging plate 233 

(BAS–IP-MS, GE Healthcare UK, Buckinghamshire, UK) and a FLA5000 image 234 

analyzer (FujiFilm, Tokyo, Japan). The signal intensities per tissue were 235 

calculated using image analysis software (Image Gauge version 4.0, FujiFilm). 236 

 237 

 238 

Results 239 

 240 

Development of the 42K+–137Cs+ double-tracer technique 241 

42K+ and 137Cs+ were placed in one sample to achieve the simultaneous tracking of 242 

K+ and Cs+, which could provide direct evidence on their movements. To use 42K+ 243 

and 137Cs+ as double-tracers, a differential determination between 42K+ and 137Cs+ 244 

was needed. The decay modes of 42K+ and 137Cs+ are presented in Fig. 1A. Both 245 

radionuclides emit gamma rays, thus, the differential determination is easily 246 

realized by the Ge detector (Fig. 1B). However, the Ge detector is unfit for 247 

high-throughput measurements mainly due to the low counting efficiency. Thus, 248 

we determined if the NaI counter was suitable for the measurement of 42K+ and 249 

137Cs+. Generally, the energy resolution of the NaI counter is lower than the Ge 250 

detector, which could be a drawback to using the NaI counter. Thus, another 251 

method based on the large difference in the half-lives of the two radionuclides 252 
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(Fig. 1A) was tested. When both 42K+ and 137Cs+ are contained in a sample, there 253 

should be a gap between the total radioactivity measured at sampling and the 254 

radioactivity measured several days after. This gap is caused by the radioactive 255 

decay of 42K+ (Fig. 1B). Accordingly, determining the amount of 42K+ and 137Cs+ 256 

individually in a sample using the NaI counter could be performed using the 257 

simple subtraction equation, “sum(42K+ and 137Cs+) − 137Cs+ = 42K+ ”. The validity 258 

of this method was investigated by comparing the calculated amount of 42K+ 259 

(cpm) and the 42K+ amount (Bq) determined by the Ge detector (Fig. 1C). Then, it 260 

was shown that the 42K+ amount (cpm) estimated by the simple subtraction 261 

method correlated well (R2 > 0.99) with the 42K+ amount (Bq), regardless of the 262 

amount of 137Cs+ coexisting in the sample. Thus, the 42K+–137Cs+ double-tracer 263 

method, in combination with the quantitative determination using the NaI counter, 264 

was applied to our physiological study.  265 

 266 

Properties of K+ and Cs+ uptake by roots  267 

The K+ uptake kinetics of 2-week-old rice plants grown in the standard nutrient 268 

solution containing 270 M K+ was determined. As the K+ concentration in the 269 

soaking medium increased, the K+ uptake rate increased until the K+ concentration 270 

in the medium reached 1,000 M (Fig. 2A). The Km value for K+ absorption was 271 

estimated to be ~50 M. When the K+ concentration in the external medium was 272 

higher than 1,000 M, the K+ uptake rate did not increase, while the uptake rate of 273 

Cs+ from the medium containing 0.1 M Cs+ was still competitively reduced from 274 

0.048 ± 0.0030 to 0.033 ± 0.0026 (pmol/mg root/20 min) (Fig. 2A). However, 275 

when the external K+ concentration decreased from 100 M to 10 M, the Cs+ 276 

uptake rate only showed 2.7-fold increase, from 0.26 ± 0.034 to 0.72 ± 0.064 277 

(pmol/mg root/20 min) (Fig. 2A). Therefore, K+ in the medium did not appear to 278 

act by simply competing with Cs+ uptake in a manner that was linearly related to 279 

the external concentration. To characterize the properties of K+ transport against 280 

Cs+, the 42K+/137Cs+ selectivity factor was calculated (Fig. 2B). Here, the 281 

42K+/137Cs+ selectivity factor was defined as: 282 

 283 

 K42 +/ C137 s+ selectivity factor =284 
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K⁺ uptake rate / Cs⁺ uptake rate 

K⁺ concentration in medium/ Cs⁺ concentration in medium
. 285 

 286 

A unity of the 42K+/137Cs+ selectivity factor indicates that the roots absorb Cs+ 287 

indistinctively from K+, as if Cs+ mimics K+ uptake perfectly. The 42K+/137Cs+ 288 

selectivity factor was found to be ~7 under low K+ concentration (~20 M), and 289 

11~ under K+ concentrations between 250 M and 1 mM (Fig. 2B). Thus, it was 290 

hypothesized that at least two distinct mechanisms for K+ acquisition, having 291 

different 42K+/137Cs+ selectivity factors, coexisted in the roots of rice grown in 270 292 

M K+. At 2 mM K condition, the 42K+/137Cs+ selectivity factor was decreased 293 

largely due to the saturated K+ uptake rate. In addition, the Cs+ uptake rate 294 

showed only 30% decrease while the K concentration in the solution was doubled, 295 

from 1 mM to 2 mM. It can be supposed that there is a membrane transport 296 

system with Cs+ specific affinity which does not diminish Cs+ permeability even 297 

under the high K condition. 298 

 299 

The effect of low-K and high-K treatments and the K transport inhibitors on the 300 

uptake of K+ and Cs+ 301 

To consider the molecular mechanisms determining the K+ and Cs+ uptake rate, 302 

the effect of the K status in the growth condition was investigated using the rice 303 

plants transplanted from normal K condition (270 M) to either low-K (5 M) or 304 

high-K (3 mM) condition 4 days before the experiment. Then, both the K+ and Cs+ 305 

uptake rates tended to be increased in response to the low-K treatment, and to be 306 

decreased by the high-K treatment, although the low-K treatment affected the K 307 

uptake rate less significantly (Table 1). This result supports the current view that 308 

the Cs+ absorption can be mediated by certain K+ transport system, at least 309 

partially, which can be modulated by the environmental K condition (Zhu and 310 

Smolders 2000). In rice plants, the K transport system in the seedlings cultivated 311 

in 3 mM K was shown to be different from that in 270 M K (Nobori et al. 2014), 312 

and thus 3 mM K could be regarded as high-K. On the other hand, cultivation at 313 

the K concentrations less than 27 M K would be effective to alter the Cs 314 

behavior (Nobori et al. 2015) presumably as a result of the transition of the K 315 

transport systems to adapt the low-K condition. Therefore, cultivation in 5 M K 316 
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was thought to be adequate to investigate the ion transport system functioning in 317 

low-K condition. A significant reduction of the 42K+/137Cs+ selectivity factor in 318 

response to the low-K condition was found under both 20 M and 1 mM K (Table 319 

1). On the other hand, the high-K treatment had little influence on the 42K+/137Cs+ 320 

selectivity factor (Table 1). Therefore, it was suggested that the increased uptake 321 

rate of K+ and Cs+ in response to the low-K condition was caused by the 322 

up-regulation of specific K+ transporter(s) having relatively low K+ selectivity 323 

over Cs+. Unlike the low-K treatment, the high-K condition was supposed to 324 

uniformly reduce the molecules mediating K+ and Cs+ absorption, thus the 325 

42K+/137Cs+ selectivity factor could not be changed.  326 

The nature of the molecule(s) transporting K+ and Cs+ in the control condition was 327 

further investigated by determining the effect of the channel blockers. Treatment 328 

with 20 mM TEA, the K+-selective channel blocker, tended to reduce the K+ 329 

uptake rate, but the effect was not significant (Table 1). The uptake rate of Cs at 330 

the external Cs concentration of 0.1 M was decreased by the TEA treatment to 331 

45.8% of the control in the presence of 20 M K, while it showed no significant 332 

decrease when the external K+ concentration was 1 mM (Table 1). Consequently, 333 

the 42K+/137Cs+ selectivity factor was increased from 5.46 to 7.59 by the TEA 334 

treatment in the presence of 20 M K (Table 1). On the other hand, Gd3+ treatment 335 

showed hardly no effect on the K+ and Cs+ uptake regardless of the external K 336 

concentration. Thus, the contribution of the non-selective cation channel (NSCC) 337 

in the K+ and Cs+ uptake was supposed to be scarce in the rice plant grown with 338 

270 M K.  339 

 340 

Long-distance transport properties of K+ and Cs+ along the vascular tissues 341 

Following the roots’ acquisition, the K+ and Cs+ distribution process along the 342 

vascular tissue was comparatively characterized. As a basis for comparison, the 343 

roots of 3-week-old rice seedlings were treated with 42K+ and 137Cs+ for 30 min, 344 

and the amount of K+ and Cs+ transported to the root, L4, L5, L6, L7, and other 345 

shoot tissues via the vascular tissue was measured. The K+/Cs+ ratio of each organ 346 

was then determined (Table 2). Within 30 min of the experiment, the rice roots 347 

accumulated 3,559 nmol/g K+ and 262.6 pmol/g Cs+, while the shoots 348 

accumulated 479 nmol/g K+ and 8.3 pmol/g Cs+ in total (Table 2). Thus, the 349 
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K+/Cs+ ratios in the roots and the shoots were 1.35 × 104 and 5.86 × 104, 350 

respectively (Table 2). The 4.28-times higher K+/Cs+ ratio in the shoots than in the 351 

roots (Table 2) could indicate that the root-to-shoot K+ transfer mechanism is a 352 

further barrier to Cs+ penetration into the plants, along with the selective K+ 353 

uptake in the roots. An alternative explanation for the high K+/Cs+ ratio in the 354 

shoots is that different flow rates exist for K+ and Cs+ in root tissues. If K+ could 355 

enter the shoot earlier than Cs+, an increased K+/Cs+ ratio would be present, 356 

especially at the beginning of the experiment.  357 

The K+/Cs+ ratios among the shoot tissues, which ranged from 3.72 to 5.79 358 

relative to the root, were not significantly different (Table 2). Therefore, the two 359 

ions should have moved after they reached the shoot tissue, at least before the ions 360 

were pooled in the shoot tissues. L7 was the newest immature leaf that was 361 

expected to receive its nutrient supply via the phloem. Given that the K+/Cs+ ratio 362 

in L7 was similar to other mature shoot tissues, the xylem-to-phloem transfer 363 

process of Cs+ may have occurred in the primary K+ transport pathway, providing 364 

little K+/Cs+ discrimination. Nevertheless, the ratio of the sheath K+/Cs+ ratio to 365 

the blade K+/Cs+ ratio was above unity in all leaves (Table 2). 366 

 367 

Kinetics of the root-to-shoot flow of K+ and Cs+ 368 

To further characterize the different transport properties of K+ and Cs+ in root 369 

tissues, the flow of K+ and Cs+ from the root to the shoot was investigated based 370 

on the sequential quantification data derived from the radionuclide imaging study. 371 

Four rice plants were placed on the surface of a real-time radioisotope imaging 372 

system (RRIS) and either 42K+ or 137Cs+ was introduced through the roots for 4 h 373 

(Fig. 3A). The RRIS monitored the root uptake kinetics and transport status to the 374 

shoots. Then, the uptake medium was exchanged to the nutrient solution without 375 

radionuclides for another 4 h so that the movement of 42K+ and 137Cs+ that had 376 

been stored in the root tissues could be traced (Fig. 3B). This experimental 377 

procedure illustrated the ion flow from the roots to other tissues without affecting 378 

the ion dynamics in the seedlings. In the leaves, the increased uptake rates of 42K+ 379 

and 137Cs+ were proportional to the time rates between 3 and 5 h (Fig. 3C), 380 

indicating that their concentrations in the xylem stream were constant during this 381 

period. Thus, the concave upward signal intensities found in 42K+ before 3 h and in 382 
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137Cs+ before 1 h (Fig. 3C) may represent the gradually rising concentrations of 383 

42K+ and 137Cs+, respectively, in the xylem stream. Conversely, the observation 384 

that the increase in the signal rate was slightly reduced after 5 h (Fig. 3C) may 385 

have resulted from a concentration reduction because of the influx of the 386 

non-labeled K+ and Cs+ into the roots. Based on these considerations, the changes 387 

in the signal intensities in only the roots between 4 and 5 h were regarded as the 388 

xylem loading efficiency of K+ and Cs+ in the roots. The 42K+ signals found in the 389 

roots at 4 h declined to 70% within 1 h, whereas less than 8% of the 137Cs+ signals 390 

were lost (Fig. 3D). Even after 8 h of imaging, the roots maintained ~90% of the 391 

137Cs+ signals accumulated over 4 h (Fig. 3D). These observations indicate that the 392 

capacity of the exchangeable 137Cs+, presumably cytosolic 137Cs+, in the root 393 

tissues was small at 4 h and was rapidly transported to the shoots within the next 394 

hour. K+ was shown to turn over at a high rate, while Cs+ could be efficiently 395 

trapped in the root tissues. This characteristic movement of K+ and Cs+, rather 396 

than different flow rates in the roots, could lead to the higher K+/Cs+ ratio found in 397 

the shoot tissues (Table 2). 398 

 399 

K+ and Cs+ behaviors during vascular transport within the roots 400 

The long-distance K+ and Cs+ transport systems within the root vascular bundles 401 

were additionally investigated by tracking the 42K+ and 137Cs+ after they were 402 

added to the 1-cm-long segments of the main root. The radionuclide absorption 403 

period was set to be 1 h, considering that a linier uptake and an unidirectional 404 

transport were observed for several ions at least until 3 h of the radionuclide 405 

introduction from the root (Kobayashi et al. 2013).  406 

When 42K+ was added to a root segment for 1 h, 77% of 42K+ was found in the 407 

radionuclide-added segment (Fig. 4A). Of the remaining 23%, which was 408 

translocated to other tissues through the vascular bundle, 75% was distributed in 409 

the upper roots and only 15% reached the shoots (Fig. 4B). However, the 410 

proportion of 137Cs+ transported out of the radionuclide-added segment was only 411 

8% (Fig. 4A). Furthermore, unlike the 42K+ distribution, the percentage of 137Cs+ 412 

distributed to the upper roots was no more than 20% (Fig. 4B). A previous report 413 

showed that the distribution ratio of shoots:upper-roots within hours differed from 414 

element to element (Kobayashi et al., 2013). Thus, the ion transport in the root 415 
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vascular tissue may be regulated individually, presumably for physiological 416 

reasons. Given that Cs+ is rather toxic to plants, especially at high concentrations 417 

(Hampton et al., 2004), the retrieval of Cs+ from the xylem stream, as suggested 418 

for Na+ to protect the leaves from saline conditions (Horie et al., 2005), is 419 

assumed to be beneficial to the plant. However, at least in the rice plants used in 420 

this study, the opposite was found. K+ tended to travel through the root vascular 421 

tissues slowly, whereas Cs+ passed quickly through the root vascular bundles to 422 

the shoots.  423 

 424 

Discussion 425 

 426 

The roots of rice grown in the complete nutrient solution containing 270 M K+ 427 

and 0.1 M Cs+ revealed the saturable uptake of K+ (Fig. 2A). It was striking that 428 

the 42K+/137Cs+ selectivity decreased drastically when the K+ concentration in the 429 

soaking medium was below 20 M (Fig. 2B), and decreased even more in 430 

response to the K deficient condition (Table 1). The loss of discrimination 431 

between K+, Rb+, and Cs+ during the root uptake stage has been observed in 432 

K-starved rice, which could involve KT/HAK/KUP transporters (Bañuelos et al., 433 

2002). In Arabidopsis, AtHAK5, a high-affinity K+ transporter localized in root 434 

epidermal cells, mediates the K+ influx to the root cells from areas of low K+ 435 

concentration and also regulates Cs+ uptake (Gierth et al., 2005; Qi et al., 2008). 436 

Until now, the primary K+ transporters or K+ channels that function in K+ 437 

absorption in rice roots has not been fully characterized. Eight rice KUP/HAK/KT 438 

transporters exist in the same cluster as AtHAK5 (Véry et al., 2014). Among them, 439 

OsHAK1 and OsHAK5 may function in K+ uptake in the roots (Bañuelos et al., 440 

2002; Horie et al., 2011). In the roots of rice plant cultured in 270 M K, the weak 441 

induction of OsHAK1 expression was observed (unpublished data), although its 442 

involvement in Cs+ uptake is not clear. In this study, the participation of the 443 

TEA-sensitive K channel in the root K+ uptake was not observed apparently 444 

(Table 1). Hence, it can be assumed that the degree of decline in the K uptake rate 445 

caused by the TEA treatment is different depending on the plant species. In 446 

Arabidopsis, the transient treatment of 10 mM TEA drastically reduced the net 447 

flux of K+, to almost one fifth of the non-treated sample (Ten Hoopen et al. 2010). 448 
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In contrast, the addition of 30 mM TEA to the culture solution showed no effect 449 

on the K content in the indica rice (Liu et al. 2006). In the case of pepper, the 450 

balance between the K+ release and the K+ uptake was disrupted by the 20 mM 451 

TEA treatment, and subsequently resulted in the 51% reduction in the net K 452 

uptake during 5 h (Pacheco-Arjona et al., 2011). Taken these things into 453 

consideration, the K uptake mechanism in rice roots could be regarded as a whole 454 

as a system relatively insensitive to TEA. Nevertheless, there could be a K 455 

transport apparatus whose function could be blocked by TEA. Indeed, up to 50% 456 

of the Cs uptake is found to be dependent on the TEA-sensitive K+-channels 457 

(Table 1). It could be assumed that contribution of these molecules to the total 458 

uptake of K could be too small to be detected in this study. It could also be 459 

suggested that the high affinity K uptake system functioning in the low K 460 

concentration is composed of more than 2 systems having different sensitivity to 461 

TEA and different Cs permeability. The participation of NSCCs in K+ and Cs+ 462 

uptake was not observed in the rice root (Table 1). It is thought that it is not due to 463 

0.1 mM Gd3+ insufficiency to block the NSCC activity, nor because of NSCCs not 464 

functioning in the surface of the rice root. In fact, the same experiment using 0.1 465 

mM Gd3+ showed considerable reduction in the Mg2+ uptake rate, to one third of 466 

the non-treated control (unpublished data). Additionally, contrary to the previous 467 

indication (Zhu and Smolders 2000), the competitive effect of K+ on the Cs+ 468 

uptake even at a K+ concentration higher than 1,000 M was clearly demonstrated 469 

by the application of 42K+–137Cs+ double-tracer (Fig. 2A). The previous studies 470 

have evaluated the K/Cs discrimination in the root based on the total content of K 471 

and Cs in the plant body at the certain time point (Zhu and Smolders 2000). It 472 

may be possible that the long-term culture in the higher K concentration promoted 473 

the efflux of K+, resulting in the reduction in the K/Cs value in the net uptake 474 

amount (influx – efflux). Additionally, long duration of the study can affect the 475 

plant biomass and subsequently cause a dilution effect on the mineral content, 476 

which can lead the erroneous recognition of the mineral uptake activity and 477 

transport direction. In the short-term radiotracer experiment we have performed, 478 

there is no need to consider the biomass dilution effect. The ion uptake activity 479 

and the transport property can be directly calculated based on the net flux of the 480 

radiotracers in each tissue.   481 
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In regard to the distribution of K+ and Cs+ within plant, a previous report 482 

indicated that Cs+ tended to accumulate in rice roots when compared with K+ 483 

during harvesting season (Tsukada et al., 2002). Here, K+ and Cs+ were 484 

demonstrated to move differentially soon after they entered the root tissues and 485 

before reaching the xylem. Cs+ was retained in the root tissues with high 486 

efficiency, while K+ was easily exchanged and transported toward the shoots (Fig. 487 

3D). The flexible turnover of cytosolic K+ (t1/2 = 21−27 min) was suggested by a 488 

flux analysis using 42K+ in barley roots grown in 112.5 M K+ (Kronzucker et al., 489 

2003). The movement of K+ from the cortical cells to the stellar cells through the 490 

symplast may be driven by a concentration gradient (De Boer 1999). A 491 

conceivable mechanism for the different movement rates of K+ and Cs+ is 492 

vacuolar compartmentalization in the symplast. It may be noteworthy that the 493 

QTLs identified as regulating the Cs+ concentration, but not the K+ concentration, 494 

included the gene encoding AtCHX20, a cation/proton antiporter in Arabidopsis 495 

(Kanter et al., 2010), which localizes the endomembrane and has an ion transport 496 

specificity of Cs+ > Rb+ > K+ when expressed in E. coli (Chanroj et al., 2011). 497 

Furthermore, the SNARE protein Sec22p/SEC22 was found to specifically impact 498 

Cs+ accumulation as a consequence of the Cs+ deposition to the vacuole (Dräxl et 499 

al., 2013). Also, it should be noted that the preferential accumulation of Cs+ in 500 

root tissues can be affected by the environmental K+ concentrations. Indeed, 501 

cultivation at various K conditions specifically affected the both Cs+ uptake and 502 

Cs+ allocation within the rice plants (Nobori et al. 2015). Therefore, the behavior 503 

of Cs+ presented in this study can be differed in different K conditions. 504 

After the ions pass through the root cells, they can be loaded into the xylem. 505 

K+ and Cs+ loading involves a shaker-type outward-rectifying channel named 506 

SKOR (Gaymard et al., 1998). The activity of SKOR can be inhibited by abscisic 507 

acid through transcription reduction (Gaymard et al., 1998; Tester 1999; Roberts 508 

and Snowman 2000), but could be stimulated by salinity-induced depolarization 509 

to mitigate the drastic decline of the K+/Na+ ratio in xylem sap (Maathuis and 510 

Amtmann 1999; Shabala et al., 2010). K+ in the xylem stream may influence the 511 

radial water flow within the xylem conduits by increasing the pore size of the 512 

intervessel pit membrane (Nardini et al., 2011). In this regard, the possibility that 513 

K+ itself travels between the xylem vessels exists, which may relate to the 514 
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observation that K+ travels in the upper roots slowly (Fig. 4B). Alternatively, K+ 515 

resorption from the xylem stream could be efficiently occurring in the surrounding 516 

cells through the K+ transporters. This possibility is supported by a previous report 517 

describing the extensive expression of K+ inward-rectifying channels in the 518 

plasma membrane of xylem parenchyma cells in barley roots (Wegner et al., 519 

1994). 520 

The translocation of Cs+ has long been suggested to occur less than K+ based 521 

on the observation that, in mature rice plants, older leaves contain more Cs+ while 522 

younger leaves contain more K+ (Tsukada et al., 2002). Our results showed a 523 

similar transport pattern for K+ and Cs+ in both the old and young leaves within 30 524 

min after uptake through the roots (Table 2), highlighting the potential differential 525 

redistribution of K+ and Cs+ after the ions were pooled in the leaf tissues. Thus, 526 

the reduced translocation of radiocesium from non-edible aerial plant parts via the 527 

phloem could be effective in preventing radiocesium accumulation in the edible 528 

portions of crops (Nobori et al., 2014). AKT2/3 K+ channels in Arabidopsis 529 

(Deeken et al., 2002) and KZM1 in maize (Philippar et al., 2003) have been 530 

shown to contribute to the phloem K+-loading process, but any roles in Cs+ 531 

transport have not been discovered.  532 

In conclusion, the different behaviors of K+ and Cs+ appeared at the beginning of 533 

their long-distance transport in rice seedlings. The large difference between K+ 534 

and Cs+ was found in their movement within the root tissues before reaching the 535 

shoots. These results imply the possibility of molecular breeding for developing 536 

the low Cs crops or, conversely, the variations applicable for Cs phytoremediation 537 

which accumulate radiocesium intensively to the up-ground shoot parts without 538 

disruption of K homeostasis in plants. Further characterization of the membrane 539 

transport process regulating the Cs accumulation in the root can allow the efficient 540 

breeding. The step-by-step analysis of ion transport using radionuclides described 541 

in this report could be a useful tool to characterize the in planta functions of each 542 

transporter and channel.   543 
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Table 1  

 

The impact of the growth condition and the addition of the K transport inhibitor 

on the uptake rate of K+ and Cs+, and the 42K+/137Cs+ selectivity factor. The 

incubation solutions contained either 20 M or 1 mM K. The concentration of 

Cs was always 0.1 M. The samples were grown under either normal conditions 

(270 M K, control), low K (5 M K) or high K (3 mM K) conditions during 4 

days preceding the experiment. The values are means ± SD (n = 4). The effect of 

20 mM TEA or 0.1 mM Gd3+ was presented as the modulated uptake rate (% of 

the control). Single and double asterisks denote significant differences from the 

control values at a p of < 0.05 and < 0.01, respectively, via Welch’s two-sample 

t-test.  

 

 

 

  

K concentration Growth condition Inhibitor treatment

in incubation solution Control Low K High K TEA Gd3+

K uptake rate 20 M 1.54 ± 0.313 2.02 ± 0.181 * 0.535 ± 0.0638 72.3% 108%

(nmol/mg/30min) 1 mM 11.7 ± 2.27 * 18.0 ± 1.06 * 3.56 ± 0.311 79.1% 92.6%

Cs uptake rate 20 M 1.44 ± 0.423 * 2.84 ± 0.279 * 0.353 ± 0.104 ** 45.8% 76.6%

(pmol/mg/30min) 1 mM 0.0985 ± 0.0133 ** 0.256 ± 0.00515 ** 0.0448 ± 0.00744 91.5% 94.7%

Selectivity factor 20 M 5.46 ± 0.771 * 3.58 ± 0.434 7.87 ± 1.41 * 7.59 ± 0.599 7.31 ± 2.93

1 mM 11.8 ± 0.976 ** 7.05 ± 0.432 8.13 ± 1.79 11.3 ± 0.936 12.8 ± 1.48
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Table 2 

 

Distribution of potassium (K+, nmol/g) and cesium (Cs+, pmol/g) in rice tissues. 

Ion concentrations were obtained based on their concentration in external 

solution, 270 M K+ and 0.1 M Cs+, and the radioactivity in the tissues. Then, 

the K+/Cs+ ratio of each tissue, along with the relative K+/Cs+ ratio normalized 

by the root, and the ratio of the sheath K+/Cs+ ratio to the blade K+/Cs+ ratio 

after the roots were exposed for 30 min to a nutrient solution, were calculated. 

The values are means with SD (n = 5). 

Biomass Concentration K/Cs 
(mg F.W.) K (nmol/g) Cs (pmol/g) K/Cs (mol/mol) Ralative to Root Sheath/Blade

Root 192.6 ± 22.4 3559 ± 578 262.6 ± 34.3 1.35 ×10
4 1

Shoot 533.0 ± 39.5 479 ± 80 8.1 ± 0.9 5.86 ×104 4.28 ± 0.51

L4 Blade 34.8 ± 3.6 725 ± 77 13.9 ± 2.0 5.29 ×10
4 3.89 ± 0.31 1.49 ± 0.32

Sheath 35.1 ± 3.9 478 ± 84 6.3 ± 1.2 7.98 ×104 5.79 ± 1.32

L5 Blade 65.0 ± 4.6 642 ± 154 10.7 ± 1.1 6.05 ×10
4 4.41 ± 0.68 1.23 ± 0.18

Sheath 70.6 ± 6.4 334 ± 70 4.7 ± 1.0 7.43 ×10
4 5.42 ± 1.05

L6 Blade 113.0 ± 6.8 603 ± 105 11.0 ± 1.3 5.52 ×104 4.04 ± 0.46 1.23 ± 0.17

Sheath 94.6 ± 15.6 297 ± 69 4.4 ± 0.6 6.84 ×10
4 4.98 ± 1.08

L7 43.3 ± 17.8 111 ± 37 2.4 ± 1.0 5.00 ×104 3.72 ± 1.72

Others 76.4 ± 2.3 612 ± 105 12.2 ± 2.4 5.12 ×10
4 3.76 ± 0.45

Solution 0.274 mM 0.1M 2.75 ×10
3
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Figures 

Fig. 1 Evaluation of the “simple subtraction” method using a NaI (Tl) 

scintillation counter to determine the potassium radionuclide 42K+ amount in the 

test solution, with or without the cesium radionuclide 137Cs+, which would 

support the use of a 42K+–137Cs+ double-tracer experiment in the physiological 

study. (A) The decay mode of 42K+ and 137Cs+. (B) The gamma-ray spectrum 

emitted from one of the test solutions, which contained 640 Bq of 42K+ and 80 

Bq of 137Cs+ at day 0. After 7 days, the 42K+ peak (1,525 keV) disappeared from 

the spectrum and only 137Cs+ peak (661.7 keV) was detected by the germanium 

(Ge) detector. (C) Relationship between the 42K+ amount (cpm) derived from the 

simple subtraction method and the 42K+ amount (Bq) determined by the Ge 

detector. The test solutions contained either 890 Bq of 137Cs+ (black), 80 Bq of 

137Cs+ (gray), or 0 Bq of 137Cs+ (white) in addition to 42K+. 
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Fig. 2 Kinetic analysis of the potassium (K+) concentration dependency of K+ 

and cesium (Cs+) uptake in the roots of 2-week-old rice plants grown in a 

full-nutrient solution containing 270 M K+ and 0.1 M Cs+.  

Uptake was performed for 20 min in the nutrient solution with a varied K+ 

concentration and a fixed 0.1 µM concentration of Cs+, and radionuclides 42K+ and 

137Cs+ were added simultaneously. (A) Uptake rate of K+ (black spots) and Cs+ 

(white triangles). (B) 42K+/137Cs+ selectivity factor versus K+ concentration in the 

medium. All values are means ± SD (n = 3−6). 
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Fig. 3 Kinetics of the potassium (K+) and cesium (Cs+) translocation from rice 

roots to shoots analyzed by a real-time imaging system (RRIS).  

(A) Four rice plants were placed on a plate scintillator. Then, the two left 

seedlings (K1 and K2) were treated with the potassium radionuclide 42K+, while 

the two right seedlings (Cs1 and Cs2) received the radionuclide 137Cs+. The roots 

were pressed on the scintillator using a blue polyurethane sheet. (B) The picture of 

the radionuclides taken using the RRIS at 4 h, when the solution in the root 

chamber was replaced with a solution without radionuclides, and the one captured 

at 8 h, when the sequential imaging had finished. The red boxes indicate the 

regions of interest (ROI) in which the signal intensity was determined. (C and D) 

Variations in the radionuclide amounts in the leaf ROI (C) and root ROI (D) over 

time. The normalized values relative to those at 4 h are shown. In (C), the lines 

obtained by the linear approximation (R2 > 0.99) of 42K+ (gray) and 137Cs+ (black) 

signals between 3 and 5 h are presented. The experiment was carried out four 

times, and similar results were obtained. 
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Fig. 4 Translocation of the potassium and cesium radionuclides 42K+ and 137Cs+, 

respectively, absorbed for one hour by a segment of the rice roots.  

(A) The amount of radionuclides remaining in the radionuclide-added segment 

is presented as the percentage of the uptake amount. Values are means ± SD (n = 

4). (B) The percentage distribution of the total radionuclides exported from the 

radionuclide-added segment into the shoots (black), the crown roots (light gray), 

the upper roots (white), and the bottom roots (dark gray). 

 

 


