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Abstract Soybean cultivars show significant differ-
ences in cadmium (Cd) concentrations in seeds, due
primarily to genetics, not environmental factors. We
previously suggested that low-Cd cultivars accumu-
late Cd in their roots and thus prevent its translocation
to the rest of the plant. Through grafting experiments,
we drew the following conclusions about Cd absorp-
tion and translocation: (1) The amount of Cd accu-
mulated in shoots is determined by the Cd
accumulation capacity of roots: cultivars with a small
capacity to accumulate Cd in roots translocate more
Cd and accumulate it in shoots; (2) The Cd concen-
tration in shoots is determined by the Cd accumulation
capacity of roots and the shoot productive ability of
the scion cultivar; (3) The Cd tolerance of shoots
differs among cultivars. Enrei, with a high-Cd accu-
mulation capacity of roots, had a low Cd tolerance of
shoots compared with Suzuyutaka and Hatayutaka,
with a low Cd accumulation capacity of roots; (4)
Cultivars differ in their distribution of Cd to seed; (5)
These results show that seed Cd concentration is
influenced by the differences among cultivars in ease
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Introduction

Recently, the Codex Alimentarius Commission of the
United Nations Food and Agriculture Organization
(FAO) and the World Health Organization (WHO)
proposed a new international standard for cadmium
(Cd) concentrations in foodstuffs. Soybean was
dropped from the standards, because it is used mainly
for extracting oil and is rarely eaten directly in
Western countries (CCFAC 2004).

In Japan, however, soybean is a traditional and
major food. The results of a large-scale survey of
domestic agricultural products revealed that the Cd
concentration of one-sixth of soybeans exceeded
0.2 mg kg™, the international standard then proposed
by the Codex Alimentarius Commission, a much
higher proportion than in other field crops (MAFFJ
2002). A domestic standard for soybean Cd concen-
tration is anticipated.

Soybeans showed higher Cd concentrations than
cereals in a survey of six crops in the main producing
districts in the United States (Wolnik et al. 1983) and in
acomparison of crops grown in the same soil (Bingham
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etal. 1975; MacLean 1976). These results indicate that
soybeans absorb Cd more easily than other crops.
Differences in Cd concentration have been reported
among cultivars of lettuce (John and van Laerhoven
1976; Crews and Davies 1985), tobacco (Wagner and
Yeargan 1986), rice (Morishita et al. 1987; Arao and
Ae 2003), corn (maize) (Hinesly et al. 1978), and
sunflower (Li et al. 1995). We previously showed
differences in seed Cd concentration among cultivars
of soybeans (Arao et al. 2003). Therefore, to produce
soybeans safely, in addition to soil treatments such as
the spreading of liming materials, it is necessary to
identify and breed low-Cd-absorbing cultivars.

The accumulation of Cd in seed of soybeans may
be affected by several physiological processes,
including Cd uptake from the soil solution, xylem
translocation from root to shoot, and phloem move-
ment into seed during maturation. Previously, we
found that soybean cultivars with low seed Cd
concentrations had low shoot Cd concentrations and
high root Cd concentrations, and proposed that they
have a mechanism to prevent the translocation of Cd
to the shoots by accumulating it in the roots (Arao
et al. 2003). Such a role of roots has already been
reported in corn (Florijn and van Beusichem 1993)
and tobacco (Wagner et al. 1988). We hypothesized
that differences among cultivars in Cd accumulation
capacity in roots determine the differences in seed Cd
concentration, and tested this in grafting experiments.

Materials and methods
Cultivars

We tested soybean cultivars Suzuyutaka, Hatayutaka,
Enrei, and Kanto 100 (formerly En-b0-1-2 and
Sakukei 4). The seed Cd concentration decreased in
that order. We confirmed that this ranking is not
influenced by environmental factors, such as soil type
and climate (Arao et al. 2003). The family tree of
these four cultivars is shown in Fig. 1. Kanto 100 was
derived from a mutant of Enrei, and Hatayutaka from
a cross of Suzuyutaka and Enrei.

Grafting

Seeds were germinated in perlite. Grafting was done
at the CV stage (Fehr and Caviness 1977), when the
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Fig. 1 Origin of soybean cultivars tested in this study (boxed)

unifoliolate leaves were beginning to expand (10 days
after sowing). The stem was cut 2 cm under the
cotyledons, and grafts of each combination of culti-
vars were made (Cardwell and Polson 1972). The
graft zone was fixed with a commercial graft clip, and
seedlings were held indoors at ambient temperature
(16-22°C) without artificial enhancement of light for
10 days to reduce transpiration. Ungrafted plants
were grown as controls, but delayed by 2 weeks to
allow the grafted plants to catch up. In both of
experiments the soybeans were grown in a green-
house at ambient temperature (18-30°C) under
sunlight.

Experiment 1—hydroponics

Successfully grafted seedlings were grown in perlite
and watered as needed with the following culture
solution (mg 17"): N, 60 (NH,NO5); P, 20 (NaH,.
PO,4-2H,0); K, 60 (K,SOy); Ca, 80 (CaCl,-2H,0);
Mg, 40 (MgS0O4-7H,0); Fe, 2 (Fe[lll] EDTA); and
Mn, 1 (MnSO,47H;0). At stage V5 (Fehr and
Caviness 1977), when the 4th trifoliolate leaf had
expanded (grafted plants, 45 days after sowing;
control plants, 31 days after sowing), seedlings were
supplied with culture solution containing
0.1 mg Cd 1", The solution was continually aerated
and the pH was between 6.0 and 6.5. After 1 week’s
exposure, plants were sampled (n = 6), washed
thoroughly in distilled water, and divided into shoots
and roots.

Experiment 2—pot experiment using polluted soil

Three cultivars (Suzuyutaka, Hatayutaka, and Enrei)
were used in the second experiment. Four seedlings
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were transplanted per 3.7-1 pot filled with 3 kg of air-
dried Cd-polluted soil (paddy field Andosol; 0.1 M
HCl-extractable Cd, 3.0 mg kg~ '). The soil was
polluted from irrigation water that had passed through
mines. Seedlings were transplanted at 21 days
(grafted) or 7 days (control) after sowing. A basal
application of fertilizer supplied 0.6 g of N, 0.3 g of
P, 0.3 g of K, and 0.1 g of Mg per pot in the form of
ammonium sulfate, superphosphate, potassium chlo-
ride, and magnesium sulfate, respectively. Plants
were thinned at 2 weeks after transplanting (V5) to
1 per pot (n = 12). Adventitious roots coming out of a
graft were removed promptly.

Six plants of each treatment were harvested the
shoots (including fallen leaves) at the full seed stage
(R6, 116 days after sowing) (Fehr and Caviness
1977), and shoots were divided into seeds + pods and
leaves + stems. The other six were grown until full
maturity (R8) (Fehr and Caviness 1977), and ripened
seeds were sampled.

Cadmium analyses of plant tissues and statistical
analysis

Plant samples were dried in an oven at 60°C and
ground to a fine powder. The powder (0.5 g) was
digested in 10 ml HNO3;-HCIO4—H,SO4 (5:1:1, v/v)
in a 2020 Digester (FOSS, Hillergd, Denmark). The
Cd concentration was measured by inductively cou-
pled plasma optical emission spectrometer (ICP-OES,
Vista Pro, Varian, Mulgrave, Victoria, Australia).
All statistical analyses were performed using
Excel 2002 (Microsoft, Redmond, WA, USA) with
the add-in software Statcel v. 2 (Yanai 2004). When
one-way analysis of variance (ANOVA) was signif-
icant among cultivars or among graft combinations as
treatments, we used the Tukey—Kramer test to
estimate the significance of differences among sam-
ples. To test for interactions between scion and
rootstock cultivars, we used two-way ANOVA.

Results
Experiment 1—hydroponics

We conducted the hydroponic experiment to reveal
differences in Cd absorption by roots among

cultivars and the influence of root Cd absorption
on shoot Cd concentration. No deficiency symp-
toms were observed during the experiment. The
results of self-grafted and ungrafted soybeans are
shown in Table 1. Only two differences were
evident: only self-grafted Kanto 100 had signifi-
cantly lighter roots than the ungrafted control, and
self-grafted Suzuyutaka, Hatayutaka, and Enrei had
significantly higher shoot Cd concentrations than
the ungrafted controls. Whether self-grafted or
ungrafted, Cd concentrations showed the same
order. The shoot Cd concentration followed the
order Suzuyutaka > Hatayutaka > Enrei > Kanto
100. The root Cd concentration followed the order
Kanto 100 > Enrei > Suzuyutaka > Hatayutaka,
effectively the opposite to that in shoots. The
cultivars showed the same rankings in Cd accumu-
lation, also, in both shoots and roots.

Table 2 shows the influence of scion and rootstock
cultivars on dry matter, Cd concentration, and Cd
accumulation in cross-grafted cultivars at vegetative
stage V8. Neither scion nor rootstock cultivars
affected shoot dry weight. Scion cultivars affected
root dry weight: Enrei as a scion produced a lower
root weight. Rootstock cultivars affected the Cd
concentrations of both shoots and roots. The shoot Cd
concentration again followed the order Suzuyu-
taka > Hatayutaka > Enrei > Kanto 100. The root
Cd concentration followed the reverse order. The
interaction of scion X rootstock also affected the Cd
concentrations of both shoots and roots. The Cd
concentrations of shoots and roots in all graft
combinations are shown in Fig. 2. On both Enrei
and Suzuyutaka rootstock, shoot Cd concentration
differed between Suzuyutaka and Hatayutaka as
scion. When Suzuyutaka was used as a scion on
Kanto 100 rootstock, the root Cd concentration was
lower than when the other two cultivars were used as
scions.

Rootstock cultivars influenced the Cd accumula-
tion of shoots and roots (Table 2). Shoot Cd
accumulation followed the order Suzuyutaka >
Hatayutaka > Enrei > Kanto 100, virtually the same
order as shoot Cd concentration. Root Cd accumu-
lation followed the order Kanto 100 > Enrei > Suzuyu-
taka > Hatayutaka, again virtually the same order as
root Cd concentration, and the opposite of shoot Cd
accumulation.
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Table 1 Influence of grafting operation on growth and Cd absorption of soybean at vegetative stage (hydroponics)

Dry-matter weight (g plant™")

Cd concentration (mg kg~")  Cd accumulation (ug plant™")

Shoot Root Shoot Root Shoot Root
Self-grafted Suzuyutaka 0.95 0.19ab 13.2 279 b 12.6 a 524 cd
Hatayutaka 0.92 0.15bec 115a 268 b c 10.7abc 40.8d
Enrei 0.88 0.14 ¢ 89b 391 a 77cde 53.0cd
Kanto 100  0.84 0.14 ¢ 6.7 c 564 57e 774 ab
Ungrafted (control) Suzuyutaka 1.05 0.23 a 11.6 a 234 bc 122 ab 543 cd
Hatayutaka 0.98 0.19ab 94 b 211 ¢ 93bcd 40.8d
Enrei 0.95 0.16 bc 7.0 c 403 a 6.6de 65.8bc
Kanto 100  1.00 0.20ab 59¢ 470 59e 91.8 a

Growth stage was V8: 7th trifoliolate leaves had fully deployed

Means followed by different letters are significantly different (Tukey-Kramer test, p < 0.05, n = 6)

Table 2 Influence of scion and rootstock cultivars on growth and Cd absorption of soybean during the vegetative stage

(hydroponics)
Dry-matter weight Cd concentration Cd accumulation
(g plant™ ") (mg kg™") (ng plant™")
Shoot  Root Shoot Root Shoot  Root
Mean of scion cultivasrs® Suzuyutaka 0.86 0.17a 10.7 335 9.3 58.6
Hatayutaka 0.91 0.16a 9.1 360 8.2 59.0
Enrei 091 0.14b 9.7 358 8.9 50.3
Influence of NS HE NS NS NS NS
scion cultivars®
Mean of rootstock cultivasrs® Suzuyutaka 0.92 0.16 12.1 a 288 a 11.1a 463 a
Hatayutaka 0.91 0.16 114 a 275 a 103a 438a
Enrei 0.84 0.15 9.1b 386 b 74b 564D
Kanto 100 0.92 0.17 69 c 455 ¢ 64b T774c
Influence of NS NS *k *E wE wE
rootstock cultivars®
Interaction (scion X rootstock cultivars)® NS NS ok ek NS NS
Growth stage was V8: 7th trifoliolate leaves had fully deployed
* Means followed by different letters are significantly different (Tukey-Kramer test, p < 0.05, n = 24)
° Means followed by different letters are significantly different (Tukey-Kramer test, p < 0.05, n = 18)

¢ *p < 5%: **p < 1%: NS, not significant (F-test)

Experiment 2—pot experiment using polluted soil

To test the hypothesis that differences in the Cd
accumulation capacity of roots among cultivars
determine differences in the seed Cd concentration
among cultivars, we grew grafted plants in polluted
soil. At the full seed stage (R6) and full maturity
stage (R8), there were no differences between self-
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grafted and ungrafted soybeans in any parameter
(Table 3). Table 4 shows that both scion and
rootstock cultivars influenced the dry matter weight,
Cd concentration, and Cd accumulation of cross-
grafted soybeans at R6 and R8. Table 5 shows the dry
matter weight and the Cd accumulation of all graft
combinations. The shoot dry matter weight of
Hatayutaka as scion was larger than that of the other
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Fig. 2 Cd concentrations of grafted soybeans at the vegetative
stage (hydroponics). Growth stage was V8: 7th trifoliolate
leaves had fully deployed. Error bars indicate standard
deviation (n = 6). Means followed by different letters are
significantly different (Tukey—Kramer test, p < 0.05)

cultivars as scion (Table 4), and the shoot dry matter
weight of Suzuyutaka as rootstock was smaller than
that of other cultivars as rootstock.

Rootstock cultivars influenced seed + pod dry
weight at R6. That on Suzuyutaka as rootstock was
again the smallest (Table 4). Scion cultivars influ-
enced the seed dry weight at R8 in the order
Hatayutaka > Suzuyutaka > Enrei. Moreover, the
interaction of scion and rootstock cultivars influenced
the dry weights of shoots and seeds + pods at R6, and
of seeds at R8. Dry weights of Suzuyutaka shoots and
seeds + pods at R6 followed the order Hatayu-
taka > Enrei > Suzuyutaka as rootstock (Table 5).
Dry weights of Hatayutaka and Enrei seeds at R8
followed a different order: Enrei > Hatayutaka > Su-
zuyutaka as rootstock, but there was no difference
with Suzuyutaka as scion.

The Cd concentrations of shoots and seeds + pods
at R6 and of seeds at R8 were influenced by both
scion and rootstock. Hatayutaka as scion had lower
Cd concentrations in seeds + pods at R6 and in seeds
at R8 than the other cultivars as scions (Table 4). The
shoot Cd concentration at R6 showed the same
tendency (Table 4). The concentrations as determined
by rootstocks all showed the same order: Suzuyu-
taka > Hatayutaka > Enrei. Moreover, the interaction

of scion and rootstock influenced the seed Cd
concentration at R8 (Table 4). The seed Cd concen-
tration of all graft combinations at R8 is shown in
Fig. 3. When Suzuyutaka was used as rootstock, there
was no difference in seed Cd concentration among
scion cultivars.

Rootstock cultivars influenced the shoot Cd accu-
mulation at R6 in the order Hatayutaka > Suzuyu-
taka > Enrei (Table 4). Scion cultivars influenced the
Cd accumulation in seeds + pods at R6 in the order
Enrei > Suzuyutaka > Hatayutaka. Both scion and
rootstock cultivars influenced the seed Cd accumu-
lation at R8 in the order Suzuyutaka > Hatayu-
taka > Enrei. Moreover, the interaction of scion and
rootstock influenced the Cd accumulation in shoot
and seed + pod at R6 and in seed at R8 (Table 4).
When Enrei was used as scion, there was no
difference in shoot Cd accumulation at R6 among
rootstock cultivars (Table 5). When Suzuyutaka was
used as rootstock, there was no difference in
seed + pod Cd accumulation between Enrei and
Suzuyutaka as scion at R6. There was no difference
arising from rootstock in seed Cd accumulation at R8
in Enrei as scion.

Discussion
Influence of roots on Cd translocation to shoots

Comparison of ungrafted and self-grafted soybeans
verified that the grafting operation hardly affects dry
matter production and the absorption of Cd by
soybeans at the vegetative and reproductive stages
(Tables 1, 3). At the vegetative stage, the root Cd
concentration was influenced by rootstock cultivars in
the order Kanto 100>Enrei>Suzuyutaka > Hatayutaka,
both collectively (Table 2) and in each scion sepa-
rately (Fig. 2). Although the interaction of scion and
rootstock cultivars also influenced root Cd concen-
tration (Table 2), the interaction did not limit the
influence of the main effect, i.e., rootstock cultivar.
Since self-grafted soybean showed the same cultivar
ranking of root Cd concentration as above (Table 1),
it is clear that there is a difference among cultivars in
the Cd concentration of roots, and that this concen-
tration is little influenced by shoots, and does not
change with different scions.
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75
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Table 3 Influence of grafting operation on growth and Cd absorption of soybean at the reproductive stage (pot experiment using polluted soil)

Means followed by different letters are significantly different (Tukey-Kramer test, p < 0.05, n = 6)

Self-grafted Suzuyutaka 49 b

Ungrafted

Shoot Cd concentration also was influenced by
rootstock cultivar, in the order Suzuyutaka > Hatayu-
taka > Enrei > Kanto 100 (Table 2). The interaction
of scion and rootstock also influenced shoot Cd
concentration (Table 2). In every scion, the shoot Cd
concentration as determined by rootstock cultivar
showed virtually the same ranking as the above
(Fig. 2), showing that the interaction did not limit the
main influence of rootstock cultivar on shoot Cd
concentration.

Wagner et al. (1988) found clear differences
among tobacco cultivars in shoot Cd concentration
and in the influence of rootstock cultivars on shoot
Cd concentration. They reported differences among
cultivars in the root/shoot concentration ratio, and
that cultivars with a higher ratio had a lower shoot
Cd concentration. We found clear differences as
well: in soybeans at vegetative stage V8, the root/
shoot Cd concentration ratio of control plants was
80 in Kanto 100, 58 in Enrei, 22 in Hatayutaka, and
20 in Suzuyutaka (based on data in Table 1). Brown
et al. (1958) found that soybean roots controlled
iron absorption and translocation to shoots in similar
grafting experiments. Similarly, our results show
that Cd accumulation in roots reduces Cd translo-
cation and thus the Cd concentration in shoots. Root
cells have an important role in cell wall binding of
Cd and in limiting its translocation into shoots via
the xylem (Wagner 1993; Grant et al. 1998; and
references therein). The results of desorption of Cd
bound to roots by sequential extraction with BaCl,
and Na,EDTA showed that soybean cultivars with
low seed Cd concentration are likely to possess a
high affinity and capacity for Cd retention on root
cell walls (Ishikawa and Ae 2003). When Suzuyu-
taka and Hatayutaka, with low Cd accumulation
capacity in roots, were used as rootstocks, the shoot
Cd concentration became high, independent of the
scion cultivar. Conversely, when Kanto 100 and
Enrei, with high Cd accumulation capacity in roots,
were used as rootstocks, shoot Cd concentration
became low. The Cd accumulation in both shoots
and roots was also influenced by only rootstock
cultivar (Tables 1, 2). This means that the Cd
accumulation capacity of roots determined the shoot
Cd concentration.

At reproductive stage R6, rootstock cultivar influ-
enced shoot Cd accumulation (excluding Enrei as
scion), in almost the same order as at the vegetative
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Fig. 3 Seed Cd concentration of grafted soybeans at the full
maturity stage (pot experiment using polluted soil). Error bars
indicate standard deviation (n = 6). Means followed by
different letters are significantly different (Tukey—Kramer test,
p < 0.05)

stage: Hatayutaka > Suzuyutaka > Enrei. Since the
Cd concentration in shoots had the same order as at
the vegetative stage (Suzuyutaka > Hatayutaka > En-
rei), the Cd accumulation capacity of roots at the
vegetative stage did not change at the reproductive
stage, and the shoot Cd concentration and accumu-
lation were determined by the Cd accumulation
capacity of roots (Tables 4, 5).

However, the influence of scion cultivar appeared
in the shoot Cd concentration. Salt et al. (1995)
suggested that root-to-shoot translocation of Cd in
Brassica juncea was due to transpiration, as abscisic
acid (ABA) prevented shoot Cd accumulation. Hart
et al. (2006) reported that movement of Cd through
the root and into the transpiration stream may be the
cause of differential Cd partitioning in two isolines of
durum wheat. Since Hatayutaka had more shoot dry
matter than the others, we presumed that Hatayutaka
as scion accumulated more shoot Cd driven by mass
flow due to transpiration. However, the concentration
in Hatayutaka as scion was lower than that in the
other two cultivars as scion. The shoot Cd accumu-
lation determined by rootstock cultivar might have
been diluted by the higher shoot biomass of Hatayu-
taka (Tables 4, 5). Florijn and van Beusichem (1993)
found no correlation between the root/shoot ratio of
Cd and transpiration in inbred maize lines, and a
similar result in durum wheat was reported (Chan and
Hale 2004). We did not investigate the difference in
transpiration among soybean cultivars, but transpira-
tion might have some influence on Cd translocation
from root to shoot.
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Influence of roots on shoot dry matter

The shoot dry matter weight on Suzuyutaka rootstock
at R6 was less than that on other rootstocks (Table 4).
Some scions grown on Suzuyutaka showed purplish-
red veins and leaf stalks and curled leaf tips. These
are signs of Cd toxicity (Boggess et al. 1978). The
shoot Cd concentration on Suzuyutaka rootstock was
higher than that on Hatayutaka and Enrei rootstocks
(Table 4), because Suzuyutaka roots have a low-Cd
accumulation capacity and thus allow translocation of
Cd to shoots. The resultant Cd toxicity reduced the
shoot dry matter weight on Suzuyutaka rootstock. If
damage had not occurred, the shoot matter dry weight
at R6 would have shown the influence of scion
cultivar.

Scion cultivars showed different reactions to
excess Cd. The growth of Enrei as scion on different
rootstocks is shown in Photo 1, and that of Suzuyu-
taka in Photo 2. The shoot Cd concentration of Enrei
on Suzuyutaka (8.4 mg kg ") was almost the same as
that of Suzuyutaka as scion (8.3 mg kg~ ') on
Suzuyutaka rootstock. Damage was intense: almost
all leaves aged and fell early (Photo 1). However,
such symptoms were barely apparent in Suzuyutaka
as scion (Photo 2). Moreover, the shoot matter dry
weight of Enrei on Suzuyutaka was about 2/3 that of
Enrei on Enrei. However, there was no difference in
shoot matter dry weight of Suzuyutaka as scion
between Suzuyutaka and Enrei as rootstocks
(Table 5).

These results show that the shoot Cd tolerance of
Suzuyutaka is higher than that of Enrei and suggest
differences in shoot Cd tolerance among cultivars.
We think that this difference caused the interactions
at the reproductive stage.

Influence of roots and shoots on Cd translocation
to seed

The Cd concentrations of seeds + pods at R6 and of
seeds at R8 differed considerably among rootstocks,
in the order Suzuyutaka > Hatayutaka > Enrei (Ta-
ble 4). The interaction between scion and rootstock
influenced seed Cd concentration at R8, but the
influence of rootstock was seen in every graft
combination, and the seed Cd concentration showed
the same ranking as above (Fig. 3). Moreover, since
this ranking was the same as that for the shoot Cd
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Photo 1 Growth of Enrei
as scion on different
cultivars as rootstock at the
full seed stage (pot
experiment using polluted
soil). Values in parentheses
are seed Cd concentrations
of Enrei at full maturity
(mg kg™")

Photo 2 Growth of
Suzuyutaka as scion grafted
on different cultivars as
rootstock at the full seed
stage (pot experiment using
polluted soil). Values in
parentheses are seed Cd
concentrations of
Suzuyutaka at full maturity
(mg kg™ )

rootstock

concentrations at V8 (Fig. 2) and R6 (Table 4), it is
clear that the Cd concentration of seeds + pods is
determined mainly by the Cd accumulation capacity
of roots, as is the shoot Cd concentration.

Scion cultivar also influenced the Cd concentration
of seeds + pods at R6 and of seeds at R8 (Table 4).
Moreover, in self-grafted soybeans, the Cd concen-
tration of seeds + pods at R6 and of seed at R8
followed the order Suzuyutaka > Enrei > Hatayutaka,
which is different from that according to rootstock
cultivar. The seed + pod/shoot Cd concentration
ratios of self-grafted plants at R6, indicating the ease
of translocation of Cd in shoots to seed, were Enrei
0.78 > Suzuyutaka 0.64 > Hatayutaka 0.55 (derived
from the data in Table 3). Except for plants on
Suzuyutaka rootstock, in which symptoms of Cd
toxicity appeared in scions, the seed + pod/shoot Cd
concentration ratios differed among scion cultivars:

-.-Suzu}-'utaa 4.7) ta}-'utaka i4.5

Enrei(3.4)

Enrei 0.77 > Suzuyutaka 0.67 > Hatayutaka 0.58
(data not shown). Since these rankings and values
were almost the same, the ease of translocation of Cd
in shoots to seed is characteristic of the scion cultivar.
Until the R6 stage at least, we consider that Enrei
translocates Cd in shoots to seeds and pods more
easily than Hatayutaka can. Harris and Taylor (2001)
introduced '*’Cd to the phloem of low- and high-Cd
accumulating isolines of durum wheat via a leaf flap,
and concluded that the ability to remobilize Cd from
leaves and stem to maturing grain may control
differences in Cd accumulation in grain on a genetic
basis. In soybean, the results of grafting experiments
showed that Sr, Ca, P, Mg, Mn, and B contents of
seeds and other shoot organs were peculiar to scion
cultivars (Kleese 1967, 1968; Kleese and Smith 1970;
Polson and Smith 1971). Cd translocation to seeds is
also peculiar to scion cultivars.
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It is clear that the seed Cd concentration is
controlled by the rootstock cultivar (Fig. 3). Cross-
grafting combinations showed that it was determined
mainly by the Cd accumulation capacity of roots, and
that it was further influenced by the ease of translo-
cation of Cd to seeds, which was peculiar to each
cultivar.

Figure 1 shows that Kanto 100, with the lowest
seed Cd concentration, is derived from a mutant of
Enrei with high root Cd accumulation capacity, and
that Hatayutaka, with low root Cd accumulation
capacity, was derived from a cross of Suzuyutaka and
Enrei. Suzuyutaka, with a low root Cd accumulation
capacity and the highest seed Cd concentration, was
derived from Harosoy, which can accumulate even
more Cd in seed (Arao et al. 2003). As the seed Cd
concentration in durum wheat is based on a single
recessive gene (Clarke et al. 1997), we hypothesize
that the soybean seed Cd concentration and the Cd
accumulation capacity of roots are heritable. Further
study should reveal whether this is the case.
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