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High Cd content in durum wheat (Triticum turgidum L. var
durum) grain grown in the United States and Canada presents
potential health and economic problems for consumers and grow-
ers. In an effort to understand the biological processes that result in
excess Cd accumulation, root Cd uptake and xylem translocation to
shoots in seedlings of bread wheat (Triticum aestivum L.) and durum
wheat cultivars were studied. Whole-plant Cd accumulation was
somewhat greater in the bread wheat cultivar, but this was probably
because of increased apoplastic Cd binding. Concentration-
dependent '°°Cd**-influx kinetics in both cultivars were character-
ized by smooth, nonsaturating curves that could be dissected into
linear and saturable components. The saturable component likely
represented carrier-mediated Cd influx across root-cell plasma
membranes (Michaelis constant, 20-40 nM; maximum initial veloc-
ity, 26-29 nmol g~" fresh weight h™"), whereas linear Cd uptake
represented cell wall binding of °°Cd. Cd translocation to shoots
was greater in the bread wheat cultivar than in the durum cultivar
because a larger proportion of root-absorbed Cd moved to shoots.
Our results indicate that excess Cd accumulation in durum wheat
grain is not correlated with seedling-root influx rates or root-to-
shoot translocation, but may be related to phloem-mediated Cd
transport to the grain.

The heavy metal Cd is present in varying amounts in
U.S. agricultural crops (Wolnik et al., 1983). Concerns
about human consumption of Cd-containing foods have
led international agencies to propose strict limits on the
permissible levels of Cd in unprocessed food products
intended for export, including a limit of 100 parts per
billion Cd for durum wheat (Triticum turgidum L. var du-
rum) (Codex Alimentarius Commission, 1993). Because Cd
levels in U.S.-grown durum wheat can exceed this pro-
posed level (Zook et al., 1970; Wolnik et al., 1983), it has
become important to understand the biological processes
that lead to elevated levels of Cd in wheat grain.

Available evidence indicates that increased Cd accumu-
lation occurs to a greater extent in durum wheat grain than
in common bread wheat (Triticum aestivum L.) grain. Zook
et al. (1970) showed that U.S.-grown durum wheat grain
had higher Cd concentrations than bread wheat grain, and
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Meyer et al. (1982) reported significantly higher Cd levels
in durum wheat grain than in grains of bread wheat culti-
vars. Increased Cd accumulation in durum wheat grain
may be related to genetic differences between durum and
bread wheat. The bread wheat genome (2n 6x) was
derived from durum wheat (2n = 4x) by the addition of a
diploid genome from Triticum tauschii L. Galili and Feld-
man (1984) have shown that crossing T. turgidum L. with T.
tauschii L. can cause suppression of parental genes. Thus, it
is possible that the genome contributed by T. tauschii L. in
bread wheat can suppress the tendency for Cd accumula-
tion in durum wheat grain.

The level of Cd in durum wheat grain may be affected by
any of several physiological factors, including Cd uptake
from the soil solution, xylem translocation from root to
shoot, sequestration of Cd (in subcellular compartments or
as organic complexes), and phloem movement into grain
during fruit development. Cd uptake at the root surface
has been characterized in a number of species, including
wheat (Smeyers-Verbeke et al., 1978; Jalil et al., 1994b),
maize (Zea mays; Florijn and Van Beusichem, 1993), and
barley (Hordeum vulgare; Cutler and Rains, 1974). Influx of
Cd across the plasma membrane of root cells has been
shown to occur via a concentration-dependent process ex-
hibiting saturable kinetics in soybean (Glycine max; Cataldo
et al., 1983), lupine (Lupinus albus; Costa and Morel, 1993),
rice (Oryza sativa; Homma and Hirata, 1984), and maize
(Mullins and Sommers, 1986). The saturable nature of Cd
uptake in these studies suggests that Cd is taken up via a
carrier-mediated system.

Translocation of Cd from root to shoot has been studied
in several species, including ryegrass (Secale cereale; Jarvis
et al., 1976), tomato (Lycopersicon esculentum; Petit and van
de Geijn, 1978), bean (Phaseolus vulgaris; Hardiman and
Jacoby, 1984), maize (Yang et al., 1995), and durum wheat
(Jalil et al., 1994a). Movement of Cd from roots to shoots is
likely to occur via the xylem and to be driven by transpi-
ration from the leaves. Evidence for this was provided by
Salt et al. (1995), who showed that ABA-induced stomatal
closure dramatically reduced Cd accumulation in shoots of
Indian mustard.

Abbreviation: HEDTA, N-(2-hydroxyethyl)ethylenediamine-
N,N’,N’-triacetic acid.
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Cellular sequestration of Cd can have a large effect on
the levels of free Cd in the symplast and, thus, can poten-
tially influence movement of Cd throughout the plant.
Tonic Cd** concentrations in the cytosol can be regulated
by at least two processes: Cd*" binding to phytochelatins
(Grill et al., 1985) and cellular compartmentation, particu-
larly in the vacuole (Rauser, 1995). Although there is evi-
dence that Cd** binding to phytochelatins has little effect
on xylem translocation of Cd to shoots (Florijn et al., 1993a;
Salt et al., 1995), vacuolar compartmentation of Cd may be
a more effective mechanism for inhibiting long-distance
transport within the plant. The presence of Cd and Cd-
binding peptides in the vacuole of plant cells has been
demonstrated (Vogeli-Lange and Wagner, 1990). Further-
more, evidence has been reported that Cd is transported
across the tonoplast into the vacuole of oat root cells, both
as the free ion (Salt and Wagner, 1993) and in a complex
with phytochelatins (Salt and Rauser, 1995).

There is relatively little information available concerning
the movement of Cd into developing seeds. One recent
study of Cd translocation into developing peanut fruits
provided evidence that Cd accumulation occurred pre-
dominantly via the phloem (Popelka et al., 1996). Several
papers have been published describing Zn loading into
developing wheat seeds. Herren and Feller (1994) reported
that Zn entered wheat ears mainly via the phloem when
supplied at low concentrations. Similarly, Pearson and
Rengel (1995) concluded that Zn enters wheat grains via
the phloem.

The objective of this study was to characterize the uni-
directional influx of radiotracer-labeled '°°Cd by roots and
the xylem translocation of Cd from roots to shoots in bread
and durum wheat. We compared Cd uptake and translo-
cation in bread and durum wheat cultivars that are fre-
quently grown in the northern Great Plains region of the
United States to determine whether these physiological
processes are correlated with the propensity to accumulate
Cd in grain. Our data showed that there was little differ-
ence between cultivars in root Cd**-uptake kinetics, and
that rates of root-to-shoot translocation of Cd were lower in
the durum variety. These results suggest that root Cd**
uptake and xylem translocation are not responsible for
excess Cd accumulation in grains of durum wheat.

MATERIALS AND METHODS
Plant Growth

The durum wheat (Triticum turgidum L. var durum) cv
Renville and the bread wheat (Triticum aestivum L.) cv
Grandin, which are widely grown in the northern Great
Plains region of the United States, were used in these
experiments. Field studies at several sites in North Dakota
in 1994 and 1995 have shown that cv Renville accumulates
Cd at approximately 3-fold higher levels than cv Grandin
(G.A. Rojas, W.A. Norvell, A.A. Schneiter, and R.L.
Chaney, unpublished data). Seeds of these cultivars were
surface sterilized in 0.5% NaOCI for 20 min, rinsed, and
germinated in the dark on moistened filter paper. After
12 h, germinated seedlings were transferred to black poly-
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ethylene cups with mesh bottoms and covered with black
polyethylene beads.

Cups containing germinated seeds were positioned in
holes in light-sealed tops of black 5-L polyethylene pots
containing aerated, complete nutrient solution. The com-
position of the nutrient solution was 1 mM KNO;, 1 mm
Ca(NO;),, 20 um NH,H,PO,, 250 pm MgSO,, 100 um
NH,NO;, 50 um KCI, 12.5 um H;BO;, 0.1 um H,Mo00O,, 0.8
uM NiSO,, 0.4 um MnSO,, 1.6 uMm CuSO,, 96 um Fe(NO;);,
10 um ZnSO,, 128 um HZHEDTA, and 2 mm Mes, pH 6.0.
ZnSO, and Fe(NOj); were equilibrated separately with
H,HEDTA before addition to the nutrient solution (Norvell
and Welch, 1993). Excess HEDTA (19 um greater concen-
tration than the total micronutrient metal concentration)
was included in the nutrient solution to buffer the micro-
nutrient metal activities. Calculation using a chemical spe-
ciation computer program (Parker et al., 1994) predicted a
free activity of Zn>* in this system of approximately 0.15
nM. Seedlings were grown for 8 to 10 d in a growth cham-
ber with a photon flux density of 400 to 500 umol s~ ' m ™2
and day/night temperatures of 20/15°C (16/8 h).

Uptake Experiments

Roots of intact, 8-d-old cv Grandin or 10-d-old cv Ren-
ville seedlings were rinsed in water (18 mM() purity) for 2
min, placed in modified uptake solution (2 mm Mes-Tris,
pH 6.0, 0.2 mm CaSO,, 12.5 um H;BO;, and 0.15 nm ZnSO,,)
for 30 min, and then transferred to wells of a custom-built
uptake apparatus containing 60 mL of uptake solution (5
mMm Mes-Tris, pH 6.0, 0.2 mm CaSO,, 12.5 um H;BO;, and
0.15 nm ZnSO,). After an additional 45 min, uptake solu-
tion was removed by vacuum and replaced with fresh
solution of the same composition.

An aliquot of a concentrated solution of '°°Cd-labeled
CdSO, was added to the uptake solution to achieve the
desired final Cd concentration (radioactivity from 2 to 8
nCi mL™'). Rapid mixing of added solution was achieved
by aeration through plexiglass tubes fitted into uptake
wells. At the end of the 20-min absorption period, uptake
solution was removed from wells via vacuum withdrawal
and replaced with ice-cold (2°C) desorption solution (5 mm
Mes-Tris, pH 6.0, 5 mm CaSO,, 12.5 um H;BO;, 0.15 nm
ZnS0O,, and 100 um CdSO,). After 7.5 min, the desorption
solution was removed and replaced with fresh desorption
solution for an additional 7.5 min. Seedlings were then
removed from uptake wells and placed on damp paper
towels. Roots were blotted, excised, weighed, and assayed
for '°°Cd using a gamma spectrophotometer (model Auto-
Gamma 5530, Packard Instruments, Meriden, CT).

Uptake temperature of 2°C was achieved by packing the
uptake apparatus with ice for the duration of the experi-
ment. Measurement of Cd binding to root cell walls was
carried out after treating roots to disrupt and remove cel-
lular contents. This was achieved by immersing roots in
methanol:chloroform (2:1, v/v) for 3 d, followed by a
deionized water rinse for 2 d. DiTomaso (1992) demon-
strated that this procedure produces a morphologically
intact root cell wall preparation essentially devoid of mem-
brane lipids. However, analysis during the course of these
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experiments demonstrated the presence of small amounts
of residual protein (data not shown).

During translocation experiments, roots of intact seed-
lings were immersed in aerated, '°?Cd-labeled solution in a
1-L Erlenmeyer flask. At the appropriate times, seedlings
were transferred to uptake wells, where roots were de-
sorbed as described above. For these experiments, roots
and shoots were excised (about 1 cm above and below the
root-shoot junction) and analyzed for '°°Cd content. Re-
sults are presented in units of accumulation per total plant
weight to reflect the contributions of both roots and shoots
in transpiration-driven translocation.

Depletion of '®Cd from solution during experiments
was measured. In time-course experiments, fresh '°°Cd-
labeled solution was added as needed to maintain Cd
concentrations. In concentration-dependent-uptake exper-
iments, Cd concentrations were averaged over the course
of experiments to account for depletion.

RESULTS

Time-dependent Cd accumulation in roots of the durum
and bread wheat cultivars was linear for at least 75 min
(Fig. 1A). After about 4 h, the rate of accumulation de-
creased, but Cd continued to accumulate for at least 24 h in
both cultivars (Fig. 1B). Cd accumulation in roots was
consistently greater in the bread wheat cultivar than in
the durum wheat cultivar in both short- and long-term
experiments.

Desorption with 100 um CdSO, was effective at rapidly
removing '°?Cd from the root surface after a 20-min uptake
period in different concentrations of '°°Cd (70, 125, and 850
nM Cd). Most of the removal occurred during the 1st min of
desorption and little additional '°°Cd was released there-
after from bread wheat roots (Fig. 2). Proportionally more
1%°Cd was removed from roots after a 20-min uptake pe-
riod in 850 nMm Cd than when roots were supplied with the
lower concentration of 125 nm Cd. Similar desorption re-
sponses were measured in the durum wheat cultivar (not
shown).

Cd** uptake was measured over an activity range of 0 to
1250 nm. These relatively low activities were selected be-
cause they include Cd levels that can occur naturally in soil
solution and are therefore more physiologically relevant
than higher activities. In addition, the use of low Cd activ-
ities prevents the possibility of Cd phytotoxicity. Cd up-
take over this activity range was characterized by smooth,
nonsaturating curves for both wheat lines (Fig. 3). Uptake
kinetic isotherms could be readily dissected into linear and
saturable components for both cultivars. Linear-uptake ki-
netic components were interpreted as representing binding
of '%Cd to apoplastic components that remained after
desorption (see “Discussion”), whereas the saturable com-
ponent was the result of carrier-mediated transport across
the root-cell plasma membrane. Evidence in support of
these conclusions is presented below.

Values for V., and K, and their associated sEs were
derived by fitting a hyperbolic curve to the calculated
saturable data points. The derived K, and V values

max

were statistically similar in the two wheat types (Fig. 3).
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Figure 1. Time course of '°°Cd accumulation in intact bread (@) and
durum (O) wheat seedlings. Roots were incubated in solutions con-
taining 215 (A) or 170 nm (B) Cd for the durations shown. All uptake
solutions also contained 5 mm Mes-Tris, pH 6.0, 0.2 mm CaSO,, 12.5
um H3BO;, and 0.15 nm ZnSO,. Roots were desorbed for 15 min
before '°°Cd activity was determined. Data points and error bars
represent means (n = 4) and sk, respectively. Error bars do not extend
outside some data points. fr wt, Fresh weight.
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Roots were treated with methanol:chloroform to remove
membrane and other cellular contents, which yielded a
morphologically intact root cell wall preparation. When
these root cell wall preparations were given the same
19°Cd-uptake/desorption treatments as intact roots, they
exhibited linear concentration responses at both 23 and 2°C
(r* values from linear regressions of 0.999 and 0.990, re-
spectively) (Fig. 4). The slope of the line for data points
obtained at 2°C was 75% lower than the slope of the
199Cd-accumulation data obtained at 23°C. In intact roots at
2°C, the curve for concentration-dependent uptake re-
tained saturable characteristics, but uptake rates were of
much lower magnitude than those at 23°C (Fig. 4). Also
plotted in Figure 4 is the linear component derived from
Figure 3A. Similar results for intact and methanol:
chloroform-treated roots at 2 and 23°C were obtained for
roots of the durum wheat cultivar (data not shown).

The amount of Cd translocated from roots to shoots
increased during a 24-h period in both bread and durum
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Figure 2. Time-dependent release of '°°Cd from intact bread wheat
roots into 100 um CdSO, desorption solution at 2°C after 20 min of
exposure to Cd at the concentrations shown. Roots harvested at 0
min were briefly rinsed in deionized water before harvest. Data
points and error bars represent means (n = 4) and sk, respectively.
Error bars do not extend outside some data points. fr wt, Fresh
weight.

wheat varieties (Fig. 5). The concentration of Cd in shoots
was greater in the bread than in the durum wheat cultivar
at all times. The proportion of '°?Cd translocated to shoots
(as indicated by '°°Cd shoot-to-root ratios) was 1.5 to 4.5
times higher in the bread than in the durum wheat cultivar
(Table I).

DISCUSSION
Apoplastic Cd Binding

Interactions with the apoplast must be considered when
characterizing metal-ion influx into the symplast. The ob-
servation that linear, time-dependent Cd accumulation in-
tersected the y axis above the origin (Fig. 1A) indicated that
a small amount of '%°Cd was not completely removed from
roots with the desorption regime used in these experiments
(100 wm Cd for 15 min). This undesorbed fraction probably
consisted of Cd bound to reactive sites within the apoplast.
The data shown in Figure 4 indicate that Cd binds to
morphologically intact root cell wall preparations and that
the concentration dependence of the binding is linear. The
linear concentration dependence of this binding response
correlates with the relatively linear Cd-uptake response in
intact roots under low-temperature conditions (Fig. 4),
which would be expected to inhibit saturable, metaboli-
cally dependent Cd uptake. Linear concentration-
dependent Cd uptake in roots treated to reduce or elimi-
nate influx into the symplast supports the interpretation
that the calculated linear components shown in Figure 3
represent binding of Cd in the apoplast of intact roots. In
addition, similar kinetics of binding in the root apoplast
have been reported for several other divalent cations, in-
cluding Zn** (Lasat et al., 1996), putrescine (DiTomaso et
al., 1992), and paraquat (Hart et al., 1992).
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The desorption profiles in Figure 2 show that a fraction
of Cd disassociated rapidly from roots, and that the
amount of Cd removed was related to the Cd concentration
present in the uptake solution. The kinetics of Cd desorp-
tion from wheat roots in these experiments are similar to
those reported for maize (Zea mays; Rauser, 1987; Florijn et
al., 1993b) and roots of the grass Agrostis gigantea (Rauser,
1987). After the initial, rapid desorption of Cd from roots,
the much slower rate of Cd release indicated that there was
little Cd efflux from the symplast (Fig. 2). In addition, the
rapid initial removal of Cd shows that the 15-min desorp-
tion period used in our uptake experiments was sufficient
to remove all easily desorbed Cd. Finally, the absence of
any difference between the bread and durum wheat culti-
vars in the rate of release of Cd during the desorption
procedure suggests that Cd binding and release did not
differ between the bread and durum wheat cultivars in
affecting net Cd uptake into the symplast.

It is interesting to note that apoplasmic binding of Cd
was temperature dependent. Although methanol:chloro-
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Figure 3. Concentration-dependent Cd** uptake in roots of intact
bread (A) and durum (B) wheat seedlings. Linear (dotted line) and
saturable (O) components were derived from experimental data (@)
by subtracting the equation for the regression line plotted through
high concentration points. V, ., and K, values of saturable compo-
nents were calculated by fitting a hyperbolic curve function to the
saturable points. Data symbols and error bars represent means (n =
4) and sk, respectively. Error bars do not extend outside some sym-

bols. fr wt, Fresh weight.
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Figure 4. Concentration-dependent Cd** uptake in roots of intact
and methanol:chloroform-treated bread wheat seedlings at 23°C (@
and W, respectively) and 2°C (O and [, respectively). Uptake solu-
tion was the same as in Figure 1. Dotted line represents linear
component from Figure 3A. Data points and error bars represent
means (n = 4) and sk, respectively. Error bars do not extend outside
some data points. fr wt, Fresh weight.

form-treated roots exhibited linear concentration depen-
dence for Cd accumulation at both 23 and 2°C, the slope of
this accumulation was approximately 4 times greater at 23
than at 2°C (Fig. 4). Similarly, the linear component for
intact roots had a less-steep slope at 2 than at 23°C (Fig. 4).
Because of the nonliving nature of methanol:chloroform-
treated roots, the temperature dependence of Cd was nec-
essarily a purely physical process. The reduced slope of the
linear component in intact roots at 2°C was therefore prob-
ably the result of reduced Cd binding to cell wall constit-
uents (e.g. cellulose, hemicellulose, and proteins). The dra-
matic reduction and elimination of the saturable
component in cold-temperature-treated and methanol:
chloroform-treated roots, respectively, is consistent with
the interpretation that the saturable component is caused
by a transport system operating at the root-cell plasma
membrane.

The somewhat lower amount of Cd binding to the apo-
plast in durum wheat (lower slope of linear component in
Fig. 3) suggests that there are differences in apoplastic Cd
interactions between bread and durum wheat. The factors
responsible for this greater level of binding in the bread
wheat cultivar are not known. However, the results show
that the higher amount of apoplastic binding in the bread
wheat cultivar was the primary cause of the greater time-
dependent accumulation of Cd in bread compared with
durum wheat roots (Fig. 1).

Cd Uptake

The linear nature of short-term, time-dependent accumu-
lation of '°°Cd in both bread and durum wheat cultivars
(Fig. 1A) suggests that unidirectional Cd*" influx into the
root symplast occurs in both varieties for at least 75 min.
Thus, the 20-min uptake period used in this study was

appropriate for measuring the influx of Cd®*" into the
symplast. In longer-term experiments (Fig. 1B), the rate of
accumulation began to decline after 2 to 4 h of uptake,
suggesting that efflux of '°°Cd began to occur during this
time or that Cd** influx was suppressed.

Linear, time-dependent accumulation of Cd into roots
has been reported previously in experiments using low Cd
concentrations (20-500 nm) (Cataldo et al., 1983; Hardiman
and Jacoby, 1984, Homma and Hirata, 1984). Saturable,
time-dependent Cd accumulation was reported in barley
(Hordeum vulgare; Cutler and Rains, 1974), but considerably
higher Cd levels (90 um) were used, which could have been
phytotoxic. Also, as shown in Figure 3, the cell wall-
binding component of uptake in wheat begins to predom-
inate at about 1 um Cd. At 90 um Cd, the bulk of Cd
accumulated would likely be in the form of Cd bound to
apoplastic components, and the capacity for cell wall bind-
ing could well saturate at such high Cd concentrations.

In both short- and long-term experiments, the bread
wheat cultivar accumulated more Cd in roots than the
durum wheat cultivar. As discussed above, this difference
may be attributable to the higher amount of apparent apo-
plastic binding in bread wheat, and not to different rates of
influx across the plasma membrane of root cells.

Both bread and durum wheat varieties exhibited smooth,
nonsaturating, concentration-dependent uptake curves,
which were readily dissected into saturable and linear
components (Fig. 3). As discussed above, several lines of
evidence point to the linear component as consisting of
apoplastic binding of Cd. The remaining saturable compo-
nent likely represents Cd>* transported across the plasma
membrane. Elimination of the saturable component by
treatment of roots to remove the symplasm (Fig. 4) sup-
ports the hypothesis that the saturable component repre-
sents true trans-plasma membrane uptake of Cd. A similar
response to removal of the symplasm has been reported for
the uptake of other divalent cationic solutes, including

0 4 8 12 16 20 24
Time (h)

Shoot Cd content (nmol g seedling fr wt)

Figure 5. Cd translocation to shoots of bread (@) and durum (O)
wheat seedlings. Roots were immersed in a solution that included
170 nm Cd. Data points and error bars represent means (n = 4) and
sk, respectively. Error bars do not extend outside some data points. fr
wt, Fresh weight.
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Table 1. "°?Cd translocation to shoots in intact bread and durum
wheat seedlings

Roots were immersed in solution containing 170 nm '°°CdSO,,
2 mm Mes-Tris, pH 6.0, 0.2 mm CaSO,, 12.5 um H3BO5, and 0.15 nm
ZnSO,. Shoot-to-root data represent means and st (in parentheses) of
four replications.

Time Bread Durum Bread/Durum
h shoot '99Cd x 10°/root '°°Cd
2 0.874 (0.280) 0.250 (0.040) 3.5
4 0.859 (0.370) 0.498 (0.055) 1.7
8 5.27 (1.13) 1.70 (0.59) 3.1
12 7.56 (0.82) 1.66 (0.25) 4.6
24 42.7 (1.7) 12.3 (3.1) 3.5

Zn** (Lasat et al., 1996), putrescine (DiTomaso et al., 1992),
and paraquat (Hart et al., 1992).

Inhibition of Cd*" transport across the plasma mem-
brane by low temperature (Fig. 4) suggests that saturable
Cd*" uptake is coupled to metabolism. Cd-uptake inhibi-
tion by metabolic inhibitors led to the conclusion that
metabolism is important in the movement of Cd into soy-
bean (Glycine max) root cells (Cataldo et al., 1983). As
discussed by Kochian (1991), uptake of cationic solutes is
likely to be driven largely by the negative membrane po-
tential across the plasma membrane, which is generated in
part by metabolically dependent processes such as proton
extrusion via the plasma membrane H"-ATPase.

The saturable component of uptake indicates a
transporter-limited process that exhibits Michaelis-Menten
enzyme kinetics, and suggests that Cd uptake by wheat
roots is controlled by a transport protein in the membrane.
Carrier-mediated uptake has been reported for a number of
divalent cationic micronutrients (for review, see Kochian,
1991). The uptake of Cd has been shown to be saturable
over relatively low Cd concentration ranges in several
species, including soybean (Cataldo et al., 1983), rice (Oryza
sativa; Homma and Hirata, 1984), and maize (Mullins and
Sommers, 1986). In these studies, saturable uptake kinetics
were measured over relatively low (and environmentally
relevant) free Cd®" activities of 2.5 nm to about 1 um.

Analysis of the kinetic constants for Cd uptake in bread
and durum wheat cultivars indicated that influx character-
istics were similar in the two types of wheat. The absence
of clear differences in V., and K, values for Cd uptake
between bread and durum wheat implies that the greater
accumulation of Cd in grains of durum wheat is not a
direct consequence of differential Cd-influx rates in root.

Because Cd is not known to be an essential plant micro-
nutrient, it is noteworthy that Cd uptake appears to occur
via a carrier-mediated system. Previous studies (Cataldo et
al., 1983; Costa and Morel, 1993) have shown that Zn
competitively inhibits Cd uptake in plant roots, suggesting
that Cd is transported across the plasma membrane via a
native Zn-transport system. However, the reported kinetic
constants for Zn and Cd uptake are quite different. The
values for K, for root Zn uptake in various studies
(Chaudhry and Loneragan, 1972; Veltrup, 1978; Mullins
and Sommers, 1986; J.J. Hart, RM. Welch, W.A. Norvell,
and L.V. Kochian, unpublished data) have ranged from 2 to
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6 puM. For Cd uptake, reported K., values are nearly 2
orders of magnitude lower. The K,,, values of 20 to 40 nm
for Cd uptake measured in this study are consistent with
those measured in lupine (Lupinus albus; 42 nm; Costa and
Morel 1993), soybean (88 nm; Cataldo et al., 1983), and
maize (30-100 nm; Mullins and Sommers 1986). Thus, if Zn
and Cd share a common influx pathway, the affinity of the
transporter appears to be considerably higher for Cd than
for Zn.

Cd Translocation

The higher shoot Cd accumulation in the bread wheat
cultivar (Fig. 5) reflects differential distribution of Cd be-
tween roots and shoots, and is not the result of the slightly
greater uptake by bread wheat roots. This is shown directly
by the data in Table I, which indicate that shoot-to-root
ratios are on average 3 times higher in the bread wheat
than in the durum wheat cultivar during a 24-h period.
Other studies have shown that large variations in root-to-
shoot Cd distribution occur among plant species as well as
within a single species. Jarvis et al. (1976) and Guo et al.
(1995) measured large differences among species in the
proportion of Cd mobilized to the shoot. Similarly large
variations in Cd distribution between roots and shoots
were reported in 19 maize inbred lines (Florijn and Van
Beusichem, 1993). In contrast, a study of three durum
wheat varieties showed little difference among these vari-
eties in Cd distribution between root and shoot (Jalil et al.,
1994b).

In the present study reduced movement of Cd to shoots
in the durum wheat cultivar compared with the bread
wheat cultivar indicated that Cd was retained in the roots,
perhaps by a mechanism involving sequestration or de-
creased xylem loading of Cd. Cd is known to accumulate in
the vacuoles of root cells via more than one mechanism.
Movement of Cd across the tonoplast of oat root cells has
been described as occurring by a Cd** /H* -antiport system
(Salt and Wagner, 1993), as well as by a phytochelatin-Cd
transporter (Vogeli-Lange and Wagner, 1990) that may be
Mg-ATP dependent (Salt and Rauser, 1995). Whatever the
mechanism of tonoplast Cd transport, vacuolar compart-
mentation of Cd would tend to limit symplastic movement
of the heavy metal. With respect to our results, it is possible
that vacuolar sequestration may occur to a greater extent in
durum wheat than in bread wheat, resulting in the greater
retention of Cd in roots seen here.

Clearly, the data in Figure 5 and Table I show that the
differential level of Cd accumulation in grains of durum
wheat is not a direct consequence of an increased rate of
xylem translocation from roots to shoots. To the contrary, a
lower level of Cd accumulation in durum wheat grains
than in bread wheat grains might be predicted if xylem
translocation were important in Cd loading into grains.
Therefore, another mechanism may be responsible for the
relatively high Cd content of durum grain. Reduced root-
to-shoot translocation of Cd may provide a clue to this
mechanism. If reduced translocation of Cd is the result of
retention of Cd in root cells, a similar mechanism may
affect the movement of Cd in developing fruits. For exam-
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ple, Cd that has been loaded in immature grains may be
less likely to be remobilized out of grains, which would
imply that symplastic transport processes are of primary
importance in understanding Cd accumulation in wheat
grains.

Although little is known about the processes involved in
Cd movement into wheat grains, it appears likely that
loading into developing grains occurs via the phloem. In
peanut (Arachis hypogaea), evidence has been provided that
Cd moves into developing fruits via the phloem (Popelka
et al., 1996). Studies with wheat have implicated phloem
movement of Zn into developing grains (Pearson and Ren-
gel, 1995; Herren and Feller, 1996). Because Zn and Cd
appear to compete for transport at the plasma membrane
(Cataldo et al., 1983; Costa and Morel, 1993), it is possible
that Cd moves into developing grains of wheat via the
phloem in a manner similar to that of Zn.

This study has examined physiological processes affect-
ing the accumulation of Cd in grains of bread and durum
wheat. We have shown that Cd** -uptake rates in roots and
xylem translocation to shoots of seedlings are not respon-
sible for the increased Cd accumulation in mature durum
wheat grains under the conditions used. Additional studies
focusing on symplastic transport of Cd, particularly mobi-
lization into developing fruits, may shed light on the
causes of this important agronomic question.
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