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In vivo Measurement of Cadmium ( l lSmCd) Transport and Accumulation 
in the Stems of Intact Tomato Plants (Lycopersicon esculentum, Mill.) 

I. Long Distance Transport and Local Accumulation 
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Abstract. Semiconductor radiation detectors have 
been used to study in vivo the long-distance transport 
and accumulation of cadmium (11smCd) in the stems 
of tomato plants. Long-distance transport proceeds 
at a speed of 0.35-0.60 m h 1. The shape of the accu- 
mulation curve is characterized by a shoulder after 
about 6 h. This corresponds to the saturation of the 
xylem tissue. The effects of changes in the nutritional 
pattern have been considered as well. The cadmium 
content in the stem sharply decreases after a transfer 
of the plant to a nonlabeled solution of high ionic 
strength, whereas it tends to stabilize after a shift 
to a low ionic strength medium. These observations 
are explained by exchange processes between cadmium 
and other divalent cations. 

Key words: Cadmium - Cation exchange - Reparti- 
tion - Tomato - Xylem transport. 

Introduction 

Cadmium is known to be one of the most toxic heavy 
metals released into the environment. It presents a 
health hazard to man (Friberg et al., 1974)_ Recent 
studies have shown a high uptake of cadmium by 
several crops (Page et al., 1972; John, 1973; Bingham 
et al., 1975; Petterson, 1977). Moreover cadmium is 
readily transported to the shoots in several plant 
species whereas heavy metals such as lead (Malone 
et al., 1974; Koeppe, 1977) and chromium (Mytten- 
acre and Mousny, 1974; Skeffington et al,, 1976) are 
not. Knowledge about the transport processes and 
distribution patterns can help to elucidate the differ- 
ences between the amount  of cadmium accumulated 
by various plant species or plant organs. 

* Mailing address: Association Euratom-ITAL, P.O Box 48, 
Wageningen, The Netherlands 

Translocation of  ~SCa and its redistribution within 
oat leaves was measured in vivo using semiconductor 
radiation detectors (Ringoet et al., 1967, 1968; Mel- 
loni et al., 1969). Recently the applicability of this 
approach has been improved considerably (Van de 
Geijn, 1974a, b), and a new method has been devel- 
oped allowing the in vivo determination of the inter- 
nal repartition of a /~-emitting tracer inside the tissue 
(Van de Geijn, 1976a). 

At present a set of complementary methods can 
be applied to follow the transport processes at differ- 
ent levels in a single plant: 

1. Count rate measurements 
2. /3 spectrometry, involving 
a) determination of the maximum energy of the 

transmitted/3 rays, 
b) analysis of the complete/3 spectrum 
In this study, these methods are applied to an 

investigation of the translocation and lateral reparti- 
tion of cadmium in the stems of tomato plants. 
Changes in the distribution pattern, following a shift 
in the nutrient solution, have also been considered. The 
present paper and the succeeding one, respectively, 
will describe the results obtained by count rate mea- 
surements and/3 spectrometry. 

Materials and Methods 

Radioisotopes 

Sources of als"Cd (0.1-1 mCi mg -1 Cd in 0.1 M HCI) were ob- 
tained from The Radiochemical Centre, Amersham (U.K). The 
/~ spectrum of l~SmCd (T1/2=43 days) has a maximum energy 
Emax= 1.63 MeV. The penetration power of these /~ rays is thus 
comparable to that of 3~p radiation (Emax=l.71 MeV) (Lederer 
et al., 1967). 

Detectors and Electronic Equipment 

The count rate of the /3 rays emerging from the material at the 
measuring position was recorded continuously using silicon surface 
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barrier detectors (ORTEC, 25 mm 2 • 300 gm thick). The associated 
electronic equipment,  consisting of  amplifiers, count  rate meters, 
and a 4-channel stripchart recorder, has  been described before 
(Melloni et al., 1969; Van de Geijn, 1974a, b). 

Growth Conditions 

Seeds of tomato plants (Lycopersicon esculentum, Mill., cv. Money- 
maker) were germinated on wet filter paper for 5 days (28 ~ C, dark- 
ness). The seedlings were grown for 26 days or 5 weeks on a 
nutrient solution (in raM: 6 KNO3,  5 Ca(NO3)z-4HzO, 
2 MgSO4"7H20,  1 KH2PO4, 9.1 x 10 -3  M nS O4-H20 ,  7 .6x  10 4 
ZnSO4-7HaO, 3.1 x 10 . 4  CuSO4-5H20,  10 4 M oO3 .HzO,  
4 .6 •  2 H3BO3, 8 . 2 x l 0  -2 NaFe(EDTA)) ,  renewed weekly, 
in a climate-controlled growth chamber  (light intensity 13,000 lx; 
day (16 h) temp. 23~ night temp. 17~ constant  rel. hum.  70%). 

Experimental Procedure 

One day before the experiment the selected plant was transferred 
to a growth vessel (0.7 1) provided with a system allowing a rapid 
replacement of the nutrient solution (within 2 min) without the 
plant being touched. All solutions, continuously aerated, were re- 
newed at a constant  rate of  120 ml h -  1 using a peristaltic pump.  
This flow rate was sufficient to maintain the concentration of  
the nutrients at an acceptable level (depletion about  25%). When 
changing to an unlabeled solution, the roots were rinsed three 
times for 2 3 min with demineralized water. 

Dur ing the experiment the light was kept on (13,000 lx) and 
the temperature constant  (23~ to avoid any alteration in uptake 
and translocation processes that might occur as a result of  the 
darkness and a lowering of the temperature. 

Two or three detectors were placed along the stem at selected 
positions facing one of the three vascular bundles. In addition, 
one detector was placed at the margin o f  a leaf. 

The nutrient solution containing 5 x 10 6 M cadmium labeled 
with t lsmCd (about 150 gCi 1 -~) was applied to the plant for 
a short period (about 7 h) or a longer one (45-75 h). Subsequently 
this solution was replaced by an unlabeled medium of high or 
low ionic strength. The high ionic strength medium was either 
the complete nutrient solution (2.9 x 10 2 M) or a calcium nitrate 
solution of comparable ionic strength (3.9 x 10 2 M).Demineralized 
water with or without added stable cadmium ( 5 x 1 0 - 6 M  
Cd(NO3) 2 .4HzO) was used as a low ionic strength medium. 

Autoradiography 

In some experiments autoradiography was performed as a control 
of  the results obtained with the semiconductor detectors. In this 
instance 26-day-old plants were transferred to a polypropylene 
tank (25 1). The nutrient solution contained 2 x 10- 6 M Cd labeled 
with 11smCd (about 1 laCi 1 1) and was renewed continuously to 
limit the cadmium depletion to less than 5%. After 35 h two plants 
were harvested. The remaining plants were transferred to the un- 
labeled cadmium-free nutrient solution for 6 additional days and 
then harvested. 

The roots were washed for 5 rain, first with demineralized 
water, then with the unlabeled nutrient  solution, and  finally blotted 
with tissue paper. Each whole plant  was placed between two sheets 
of  blotting paper and quickly frozen between a luminum envel- 
oppes, filled with powdered dry ice ( -  70 ~ C). All plants were freeze- 
dried (5days  at - 5 ~  in vacuum, about  0.15 Pa) and simul- 
taneously prepared for autoradiography according to the method 
of Levi (1966). 

Results 

Figure 1 shows a typical time course of  local cadmium 
"accumula t ion"  in the stem of a tomato plant receiv- 
ing a long-term supply. Strictly speaking, the count 
rate cannot be interpreted directly in terms of absolute 
quantities, because the attenuation of the ,8 rays inside 
the plant material cannot be completely neglected. 
The transmission of the high-energy 1 1 5 m C d  fl rays 
through 1 mm material of density 1 g cm-  3 is about 
80%. Because so large a shift in the position of the 
bulk amount of tracer cannot be expected (Van de 
Geijn and Petit, 1978), corrections will generally be 
small. 

Some common features of the accumulation 
curves in the various treatments deserve attention: 

1. A time-lag of 30-50 rain before any radiation 
could be detected at the base of the stem. The length 
of this delay increased with the distance from the 
root base as shown for a short-term cadmium supply 
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Fig. 5. Autoradiograph of a tomato plant (26 days old) after 35 h of cadmium uptake. Left plant; right autoradiograph 

Fig. 6. Autoradiograph of a tomato plant (26 days old) after 35 h of cadmium uptake and 6 additional days of growth on a cadmium-free 
nutrient solution. Left plant with the first leaves; right autoradiograph 
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(Fig. 2). From this difference in time-lag the propaga- 
tion speed of the "wave-front" of the tracer along 
the stem has been calculated. At the experimental 
concentration, values ranging from 0.35 to 0.60 m 
h-  a were obtained for different replicates. 

2. A non-steady-state phase in which the time 
course of accumulation was not linear but contained 
a sigmoidal component (e.g. the first 6 h in Fig. 1). 

3. A steady-state phase, characterized mainly by 
a constant rate of accumulation. After two days of 
cadmium supply (5 • 10 6 M) this rate gradually de- 
creased. 

4. A net local cadmium release occurred at the 
base of the stem less than 2 h after the labeled solution 
was replaced either by the nonlabeled nutrient solu- 
tion (Figs. 1 and 3) or by the calcium nitrate solution. 
As illustrated in Figure 4 the cadmium accumulation 
and release could be repeated by supplying sequen- 
tially labeled and nonlabeled solutions. The time 
elapsed between the shift to a nonlabeled solution 
and the start of the release increased with the distance 
from the root base (Fig. 2). At the margin of the 
leaf no release was observed, but accumulation con- 
tinued (Fig. 2). From the autoradiographs of whole 
plants treated or not with a nonlabeled nutrient solu- 
tion (Figs. 5 and 6), it appeared that cadmium was 
released from the vascular tissues of the aerial part, 
stem, petiole, and veins. Because no efflux into the 
nutrient solution was detected, it was concluded that 
the cadmium migrated upward along the pathway 
of the transpiratory flux, eventually accumulating at 
the tip and margin of the leaves (Figs. 2 and 6). 

5. Replacement of the labeled solution by demin- 
eralized water with or without added stable cadmium 
resulted in quite a different pattern. After replace- 
ment, the time course of cadmium accumulation 
tended to level, but no cadmium release could be 
observed. 

However, this pattern was dependent on the dura- 
tion of the preceding supply. After a long-term cad- 
mium supply the rate of accumulation at first tended 
toward zero but subsequently increased, more than 
10 h later. Finally it leveled again (Fig. 1). A similar 
pattern was observed in a short-term supply, except 
that the initial decrease of the rate of accumulation 
was smaller and lasted for less than 2 h (Fig. 3). 

The water uptake of the plants, measured before 
and after the shift to demineralized water, remained 
constant for at least 6 h and then slowly decreased 
during the next 35 h to half the initial amount. 

Discussion 

Loading Phase 

The speed of upward movement of the 115mCd ' as 
calculated from the difference in time-lag of the first 

detection of the tracer at two points along the stem 
(0.35-0.60 m h-1) is similar to that reported for the 
acropetal movement of calcium in the xylem of oat 
leaves (Ringoet et al., 1967). This value is in strong 
contrast to the speed of 32p movement under similar 
conditions (6-10 m h-  1) (Van de Geijn, 1976b). Anal- 
ogous observations were reported by Ferguson and 
Bollard (1976), who perfused isolated pieces of apple 
shoots with different solutions (45Ca, 32p). The con- 
trasting results can be attributed to the difference 
in transport processes for both ions: chromatographic 
exchange transport at the negatively charged sites in 
the xylem (Charles, 1953) for cadmium, as opposed 
to bulk transport in the transpiratory flux for a2p. 

The sigmoidal shape of the count-rate curve in 
the initial six hours of application is related to the 
progressive saturation of the xylem tissue (Van de 
Geijn and Petit, 1978). The lateral accumulation starts 
simultaneously. The approximate rate of lateral accu- 
mulation can be calculated from the slope of the 
count-rate curve at the steady state (6-40 h, Fig. 1). 
It amounts to about 12% h-  1 of the amount present 
in the xylem tissue at the steady state. 

A quick initial depletion of the cadmium flux in 
the roots may also contribute to the initial non- 
steady-state phase. For heavy metals, two physico- 
chemical mechanisms mainly come into play: adsorp- 
tion at pectic sites of the cell walls (Cutler and Rains, 
1974; Peterson, 1969) and complexation by hystidyl 
and thiol groups (Vallee and Ulmer, 1972) along the 
symplastic pathway in the roots. These processes may 
also be involved in the establishment of the initial 
time lag (30-50 rain). 

Unloading Phase 

The importance of the exchange processes is stressed 
once more by the results of the experiments in which 
a plant was supplied sequentially with labeled and 
unlabeled solutions (Fig. 4). The unlabeled solution 
with a high cation concentration exchanges the 
115mCd progressively upward along the pathway of 
the transpiratory flux. In contrast, if the unlabeled 
solution contains only a low concentration of cations, 
even with cadmium at the same concentration as be- 
fore, the elution power will be slight or absent, and 
no cadmium efflux from the xylem will be observed 
(Van de Geijn and Petit, 1978) (Figs. 1 and 3). These 
results are in agreement with the observations of Bell 
and Biddulph (1963) for calcium, more recently 
confirmed by Jacoby (1967) and by Ferguson and 
Bollard (1976). This indicates that cadmium is trans- 
located predominantly by exchange, either as a diva- 
lent cation or as a positively charged complex. 

At the end of  the labeling period the accumulation 
of cadmium continues for some time (Figs. 1, 2, and 
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3). Such an  add i t i ona l  a c c u m u l a t i o n  is re la ted  to the 
t ime needed  for  the u p w a r d  shift o f  the l abe led  cad-  
m i u m  tha t  is exchangeab ly  b o u n d  in the  vascu la r  
t issue be low the s tem segment  unde r  cons ide ra t ion  
and  in the  roots .  D u r i n g  a switch to a n o r m a l  nut r ien t  
so lu t ion  at  the s teady-s ta te  phase ,  this  add i t i ona l  ac- 
c u m u l a t i o n  is very small  (Fig.  1). This  conf i rms  the 
high re ten t ion  o f  the  roo t  t issue (Petit ,  1976), also 
a p p a r e n t  in the a u t o r a d i o g r a p h  o b t a i n e d  af ter  a re- 
d i s t r ibu t ion  pe r iod  o f  6 days  (Fig.  6). A discuss ion 
o f  the c a d m i u m  d i s t r ibu t ion  a long  the roots ,  par t icu-  
lar ly  the h ighly  l abe led  spots  at  some dis tance  f rom 
the apex  (Figs.  5 and  6), is out  o f  the  scope o f  the 
presen t  p a p e r  (Petit ,  1976). 

The  res ta r t ing  o f  the local  a ccumula t i on  o f  cad-  
m i u m  after  a switch to demine ra l i zed  wate r  is a par t ic -  
u lar  p h e n o m e n o n  tha t  canno t  be exp la ined  by  ion 
exchange  only.  The  cause o f  this p h e n o m e n o n  is not  
yet  known.  There  are  several  poss ib le  exp lana t ions :  
1. a change  in the osmot ic  equ i l ib r ium in the t issue;  
2. an increase in the  pe rmeab i l i t y  o f  m e m b r a n e s  due 
to ca lc ium dep r iva t i on  (Epstein,  1972); 3. a washing  
effect on  the t issue in con tac t  wi th  d i lu ted  sap (Van 
Steveninck,  1975). 

The  de lay  o f  the  res ta r t ing  o f  this a ccumula t i on  
is a p p a r e n t l y  longer  af ter  a l ong- t e rm than  af ter  a 
sho r t - t e rm c a d m i u m  supply  (Figs.  1 and  3). This  sug- 
gests an increased  capac i ty  of  the  t issue be low the 
measu r ing  po in t  to re ta in  its c a d m i u m  when the p l an t  
is suppl ied  wi th  this  e lement  for  a p r o l o n g e d  t ime. 
This  is cons is ten t  wi th  the increased  n u m b e r  o f  b ind-  
ing sites at  the roo t  level induced  by  preced ing  cad-  
m i u m  u p t a k e  (Peti t ,  1976). 

The  decreas ing  ra te  of  c a d m i u m  a c c u m u l a t i o n  
obse rved  af ter  m o r e  than  40 h supply  (Fig.  1) can  
be exp la ined  also by  the h igher  n u m b e r  of  c a d m i u m  
b ind ing  sites m e n t i o n e d  above ,  poss ib ly  in c o m b i n a -  
t ion  with  a s a tu ra t i on  of  the  s tem tissue. 

Conclusions 

The  coun t  ra te  measu remen t s  a l low the kinet ics  o f  
p e n e t r a t i o n  and  a c c u m u l a t i o n  o f  115mCd in the s tem 
of  a single p lan t  to be fo l lowed in vivo. Conc lus ions  
concern ing  the tissues involved  in these processes  
should ,  however ,  be s u p p o r t e d  by  da t a  o b t a i n e d  by  
o ther  m e t h o d s  (Van de Gei jn  and  Peti t ,  1978). 

The  re la t ively  low speed o f  c a d m i u m  pene t r a t i on  
in the s tem as well as the effect o f  p o s t t r e a t m e n t  
wi th  a high or  a low ionic  s t rength  m e d i u m  empha -  
size the i m p o r t a n t  role  of  the c h r o m a t o g r a p h i c  ex- 
change  process  for  xylem t r anspor t .  The  to ta l  ionic  
concen t r a t i on  o f  the d iva lent  ca t ions  in the  m e d i u m  
ra ther  t han  the presence or  absence  o f  s table  c a d m i u m  

plays  a decisive role for  the t ranspor t .  The  s imi lar i ty  
be tween  the kinet ics  o f  t r ans loca t i on  obse rved  in these 
exper iments  and  tha t  r e p o r t e d  for calc ium,  indica tes  
tha t  an ion ic  or  neu t ra l  c a d m i u m  complexes ,  which  
wou ld  no t  pa r t i c ipa te  in the exchange processes,  p l ay  
only  a m i n o r  role  in t rans loca t ion .  
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