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There is considerable variability among wheat (Triticum aestivum L.) cultivars in their ability to grow and yield well in soils
that contain very low levels of available Zn. The physiological basis for this tolerance, termed Zn efficiency, is unknown. We
investigated the possible role of Zn21 influx across the root cell plasma membrane in conferring Zn efficiency by measuring
short-term 65Zn21 uptake in two contrasting wheat cultivars, Zn-efficient cv Dagdas and Zn-inefficient cv BDME-10. Plants
were grown hydroponically under sufficient and deficient Zn levels, and uptake of 65Zn21 was measured over a wide range
of Zn activities (0.1 nm–80 mm). Under low-Zn conditions, cv BDME-10 displayed more severe Zn deficiency symptoms than
cv Dagdas. Uptake experiments revealed the presence of two separate Zn transport systems mediating high- and low-affinity
Zn influx. The low-affinity system showed apparent Km values similar to those previously reported for wheat (2–5 mm).
Using chelate buffered solutions to quantify Zn21 influx in the nanomolar activity range, we uncovered the existence of a
second, high-affinity Zn transport system with apparent Km values in the range of 0.6 to 2 nm. Because it functions in the
range of the low available Zn levels found in most soils, this novel high-affinity uptake system is likely to be the
predominant Zn21 uptake system. Zn21 uptake was similar for cv Dagdas and cv BDME-10 over both the high- and
low-affinity Zn21 activity ranges, indicating that root Zn21 influx does not play a significant role in Zn efficiency.

Zn is an essential element for plants and other
organisms and is involved in many cellular pro-
cesses, including activation of enzymes, protein syn-
thesis, and membrane stability (Welch et al., 1982;
Marschner, 1986).

Zn deficiency, defined as the condition in which
insufficient Zn is available for optimal growth, may
cause dramatic reductions in crop yield and quality.
Zn deficiency has become a serious agricultural prob-
lem. It is associated with high-pH calcareous soils
and sandy, highly leached soils, which cause reduced
Zn availability and low total Zn content, respectively
(Swietlik, 1989). Zn deficiency is considered to be one
of the most widespread micronutrient problems for
crops (Cakmak et al., 1999), occurring in 30% of the
world’s soils (Sillanpaa, 1982). It is unfortunate that
the use of Zn fertilizers does not completely alleviate
Zn deficiency due to factors such as subsoil con-
straints, topsoil drying, or disease interactions (Gra-
ham and Rengel, 1993). Moreover, Zn fertilizers may
be unavailable or unaffordable in developing coun-
tries. Because of the widespread problems of Zn
deficiency and difficulties in alleviating it via fer-
tilization, a promising alternative may be the identi-
fication of Zn efficient genotypes. Zn efficiency is
defined as the ability of a plant to maintain good
growth and yield on Zn-limited soils (Graham, 1984).
A number of plant species exhibit significant in-

traspecific variation in Zn efficiency, which appears
to be under genetic control. Zn deficiency in wheat
(Triticum aestivum L.) occurs in several parts of the
world and wheat genotypes exhibit a great diversity
in their ability to grow on Zn-deficient soils (Graham
et al., 1992).

Despite the potential agricultural and economical
importance of the Zn efficiency trait, physiological
mechanisms of differential Zn efficiency remain un-
known. It is important to understand these mecha-
nisms to develop improved cultivars for low-input
wheat production on low Zn soils in developing
countries. Several mechanisms have been proposed
to explain Zn efficiency in crop plants, including
increased Zn uptake, increased Zn bioavailability in
the rhizosphere due to release of root exudates, and
more efficient internal Zn use (for review, see Rengel,
1999).

Recent research investigating potential mecha-
nisms of Zn efficiency have yielded somewhat equiv-
ocal results. Rengel and Graham (1995) found no
correlation between Zn uptake rate and dry matter
production in several wheat genotypes. Cakmak et
al. (1997) found similar results with Turkish wheat
cultivars under different growing conditions and
concluded that plant tissue Zn concentration is not a
dependable parameter for evaluating differential Zn
efficiency among genotypes. More recently, Erenoglu
et al. (1999) compared Zn uptake in rye and wheat
and found that Zn deficiency stimulated Zn uptake
in both species, but no positive correlation was found
between efficiency and uptake rate in bread wheat. In
another study, Rengel and Wheal (1997) examined
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Zn uptake kinetics of bread wheat cultivars and
found that efficient cultivars had higher net uptake
rate (Imax) but similar apparent Km values. Most of
these studies either compared different plant species
or used high-Zn concentrations, which do not simu-
late the Zn concentrations of soil solution. Also, all of
these studies measured Zn uptake over a long time
period, which does not necessarily reflect the ability
of roots to absorb Zn from the soil under low-Zn
conditions. Long-term Zn uptake in these studies can
reflect and be influenced by a number of factors
including Zn compartmentation in roots, as well as
translocation and use in shoots. The experimental
protocols for measuring unidirectional Zn influx into
roots are well established. Hart et al. (1998), in their
studies of concentration-dependent kinetics of root
Zn uptake in two different wheat species, found that
a Zn-efficient bread wheat cultivar exhibited higher
Zn influx rates than a Zn-inefficient durum wheat
cultivar at low-solution Zn21 activities (0.01–200 nm).

The objectives of the present study were to: (a)
examine the concentration-dependent kinetics of
Zn21 influx into roots of two bread wheat culti-
vars (with contrasting Zn efficiency) to determine
whether differential Zn efficiency is due to differ-
ences in root Zn uptake; and (b) investigate the ki-
netics of Zn uptake in detail at both low-solution Zn
activities that reflect soil solution Zn21 levels (0–160
nm), as well as at higher Zn concentrations used in
previous studies (0–75 mM). It has been shown that
graminaceous monocot roots may be able to absorb
both Zn21 and Zn-phytosiderophore chelates (von
Wiren et al., 1996). However, in this study, only Zn21

uptake was examined. The results demonstrated the
existence of both high- and low-affinity transport
systems in wheat roots and a lack of correlation

between Zn efficiency and root Zn uptake in bread
wheat.

RESULTS

Evaluation of Zn Efficiency

Results from growth experiments in chelate-
buffered solution culture for evaluation of Zn effi-
ciency are shown in Table I. Zn efficiency was eval-
uated by the influence of low-solution Zn21 activity
on root and shoot elongation and dry weight and on
root and shoot Zn concentrations. When grown in a
low-Zn21 activity (0.48 pm) nutrient solution, the
efficient cv Dagdas had higher root and shoot dry
weight, longer roots and leaves, but lower root and
shoot Zn concentrations. At the higher Zn21 activities
(0.96–58.0 pm), there were no significant differences
detected between efficient cv Dagdas and inefficient
cv BDME-10 for tissue Zn21 concentrations and root
and shoot growth parameters. Moreover, cv BDME-10
exhibited significantly greater visual symptoms of Zn
deficiency (stunting, reduced tillering, chlorosis, and
necrosis of middle leaves) than the Zn-efficient cv
Dagdas at low-Zn activities. Thus, using chelate-
buffered techniques, we were able to devise a hydro-
ponic culture that allowed us to assess Zn inefficiency
and efficiency in these two bread wheat cultivars. As
it was necessary to use seedlings considerably
younger (10 d old) than the 21-d-old seedlings used
for these growth experiments to fit the root systems
into the Plexiglas wells of the uptake system, the
low-Zn grown seedlings for root Zn uptake studies
were grown on a lower solution Zn21 activity (0.048
pm) to ensure that mild Zn deficiency symptoms were

Table I. Effect of varying nutrient solution Zn activity on root and shoot elongation, dry wt, and tissue Zn concentrations in 21-d-old cv
Dagdas and cv BDME-10 wheat seedlings

Data represent means and SE (in parentheses) of four replications.

Cultivar and Measured Parameter
Zn21 Activity in Nutrient Solution

0.48 pM 0.96 pM 2.9 pM 4.88 pM 58 pM

Dry wt of roots and shoots (mg)
cv BDME-10 roots 16 (4) 21 (2) 33 (7) 40 (3) 74 (6)
cv Dagdas roots 47 (6) 31 (10) 44 (20) 60 (10) 76 (5)
cv BDME-10 shoots 34 (8) 56 (6) 90 (10) 140 (20) 297 (10)
cv Dagdas shoots 71 (5) 66 (20) 89 (30) 140 (30) 308 (20)

Tissue Zn concentrations of
roots and shoots (mg/g)

cv BDME-10 roots 50.6 (8.2) 36.1 (3.9) 32.2 (6.4) 31.2 (0.8) 49.7 (1.8)
cv Dagdas roots 25.5 (4.8) 29.5 (7.3) 29.2 (8.7) 28.4 (5.4) 54.3 (1.4)
cv BDME-10 shoots 18.6 (1.9) 10.1 (0.9) 10.3 (1.0) 10.8 (1.8) 19.7 (0.4)
cv Dagdas shoots 10.6 (1.2) 12.6 (1.0) 12.6 (4.0) 10.7 (0.8) 20.6 (0.6)

Length of primary roots and
leaves (mm)

cv BDME-10 roots 348 (22) 396 (19) 369 (17) 412 (6) 378 (14)
cv Dagdas roots 584 (29) 466 (39) 370 (33) 594 (30) 478 (42)
cv BDME-10 shoots 159 (22) 198 (22) 267 (21) 305 (4) 343 (11)
cv Dagdas shoots 197 (14) 216 (17) 319 (12) 286 (15) 336 (12)
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observed in Zn-inefficient cv BDME-10. A somewhat
higher Zn21 activity (147 pm) was used for growth of
Zn-sufficient plants.

Kinetics of 65Zn21-Influx into Wheat Roots

Low-Affinity 65Zn21 Uptake

The concentration-dependent kinetics of root Zn21

influx were studied in Zn-sufficient and -deficient
seedlings of cv Dagdas and cv BDME-10 wheat over
a wide range of external Zn21 activities (0.1 nm–80
mm). This was done by quantifying Zn21 influx over
two different concentration ranges: a high-concen-
tration range (low-affinity uptake, 0.4–80 mm) to com-
pare our results with previously published studies,
and a low-concentration range (high-affinity uptake,
0.1–160 nm) that is more representative of soil solu-
tion Zn21 activities.

Low-affinity Zn uptake in Zn-sufficient and
-deficient seedlings of Zn-inefficient cv BDME-10 and
-efficient cv Dagdas are depicted in Figures 1 and 2.
In all cases, the kinetics of root Zn21 influx were
complex, non-saturating curves that could be re-
solved graphically into saturable and linear compo-
nents. Similar complex kinetics for root Zn21 influx
were previously obtained in wheat (Hart et al., 1998)
and Thlaspi caerulescens (Lasat et al., 1996). In both
cases it was shown that the linear “uptake” compo- nent was actually cell wall-bound 65Zn remaining in

the root apoplasm after desorption, whereas the sat-
urable component was bona fide Zn21 influx across
the root cell plasma membrane.

We conducted a similar analysis here to determine
the nature of the two components. Exposure of roots
to low temperature (2°C) to inhibit metabolically-
coupled processes selectively abolished saturable Zn
uptake, leaving the linear component unaffected
(Figs. 1 and 2). In addition, the concentration-
dependent kinetics of 65Zn21 binding to morpholog-
ically intact root cell wall preparations was con-
ducted. These root cell wall preparations were
prepared by treating roots with chloroform-methanol
to dissolve away lipidic components in the root (Hart
et al., 1998). When our protocols for the 65Zn21 up-
take experiments were repeated with these root cell
wall preparations, they also yielded linear kinetics
that were nearly identical to the linear components
graphically derived in Figures 1 and 2 (data not
shown). These findings strongly indicated that only
the saturable component represented true low-
affinity Zn21 uptake across the root cell plasma
membrane.

Several points should be raised based on the data
in Figures 1 and 2. First, it is clear that the imposition
of Zn deficiency greatly stimulated low-affinity Zn
uptake in both cultivars. As depicted in Table II, Zn
deficiency caused a 1.7- to 3-fold stimulation in the
Vmax for Zn uptake, while having little effect on the
apparent Km. The second point is that there were no
apparent differences in root Zn uptake between the

Figure 1. Concentration-dependent kinetics for low-affinity root
65Zn21 influx in Zn-sufficient seedlings of Zn-inefficient cv BDME-10
(A) and Zn-efficient cv Dagdas (B) wheat at high (0.4–80 mM) Zn
concentrations. The linear (dashed line) and saturable (dotted line)
components were derived from the experimental data (F) by com-
puting the linear component from the regression line plotted through
high-concentration points and subtracting this contribution from a
curve fit to the experimental data. Error bars do not extend outside
some data points. Error bars represent means (n 5 4) 6 SE. Œ, Zn
uptake at 2°C.

Figure 2. Concentration-dependent kinetics for low-affinity root
65Zn21 influx in Zn-deficient cv BDME-10 (A) and cv Dagdas (B)
wheat seedlings at high-Zn concentrations. The linear (dashed line)
and saturable (dotted line) components were derived as described in
Figure 1. Error bars do not extend outside some data points. Error bars
represent means (n 5 4) 6 SE. Œ, Zn uptake at 2°C.
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two cultivars that could account for differences in Zn
efficiency, a point that will be considered in more
detail in the “Discussion.”

High-Affinity 65Zn21 Uptake

A chelate buffer approach was used to quantify
root Zn21 influx over a range of low-Zn activities
more representative of Zn21 activities in the soil so-
lution. As shown in Figures 3 and 4, these again
yielded complex kinetics that could be graphically
resolved into saturable and linear components. How-
ever, as shown in Figure 5, when the kinetics of Zn21

influx were quantified at low temperature (2°C), both
saturable and linear Zn uptake components were
abolished, suggesting that both represent true Zn
uptake. Thus, we computed the contribution from
low-affinity Zn uptake over this low-Zn concentra-
tion range (0.1–160 nm) to the total uptake presented
in Figures 3 and 4. It was found that the contribution
to high-affinity uptake over this nanomolar Zn21

activity range by the low-affinity transporter yielded
linear transport kinetics that were identical to the
linear components graphically determined in Figures
3 and 4. When this contribution from low-affinity Zn
uptake was subtracted from total uptake, a separate
high-affinity Zn21 uptake system was revealed with
an apparent Km value for Zn21 ranging from 0.6 to
2.3 nm in Zn-sufficient and -deficient cv Dagdas and
cv BDME-10 wheat (Table II). As was shown previ-
ously for the low-affinity Zn transporter, there were
no obvious differences in apparent Km or Vmax values
for high-affinity uptake between the two cultivars
that could account for the differences in Zn effi-
ciency. It is interesting to note that Zn deficiency did
stimulate high-affinity Zn uptake, but only in the
Zn-inefficient cv BDME-10 (Table II).

DISCUSSION

Zn Efficiency of Bread Wheat Cultivars

We first used chelate buffer techniques to design
hydroponic growth solutions in which the free

Zn21 activity was controlled at sufficiently low levels
to observe significant differences in the ability to
resist Zn deficiency in bread wheat cultivars previ-
ously reported to be Zn efficient (cv Dagdas) and
inefficient (cv BDME-10; Erenoglu et al., 1999). We
found that at the lowest hydroponic solution Zn21

activities used (below 0.5 pm), cv BDME-10 showed
significant visual symptoms of Zn deficiency after

Figure 3. Concentration-dependent kinetics for high-affinity root
65Zn21 influx in Zn-sufficient cv BDME-10 (A) and cv Dagdas (B)
wheat at low Zn concentrations (0.1–160 nM). Inserts depict the
kinetics of 65Zn21 influx from 0.1 to 10 nM Zn21. The kinetics have
been graphically resolved into linear (dashed line) and saturable
(dotted line) components as described in Figure 1. Error bars do not
extend outside some data points. Error bars represent means (n 5
4) 6 SE.

Table II. Kinetic parameters for root Zn21 influx in Zn-sufficient [(1)Zn] and Zn-deficient [(2)Zn] grown cv Dagdas and cv BDME-10 wheat
seedlings

Values for Vmax (maximal Zn influx) and apparent Km (Michaelis constant) were obtained by fitting a hyperbolic curve to the calculated
saturable Zn influx data derived from plots of root Zn influx rate versus uptake solution Zn21 activity. Numbers in parentheses represent SE of
regression coefficient estimates.

Vmax Apparent Km

(2) Zn Grown Plants (1) Zn Grown Plants (2) Zn Grown Plants (1) Zn Grown Plants

cv BDME-10 cv Dagdas cv BDME-10 cv Dagdas cv BDME-10 cv Dagdas cv BDME-10 cv Dagdas

nmol g fresh wt21 h21 mM

Low-affinity Zn21 uptake
system

521 (38) 446 (11) 294 (17) 143 (11) 4.1 (1.5) 1.9 (0.3) 3.4 (1.1) 4.9 (1.7)

nM

High-affinity Zn21 uptake
system

30.9 (2.2) 10.9 (1.5) 9.7 (1.0) 9.0 (0.6) 2.3 (1.0) 0.6 (0.6) 0.7 (0.5) 1.2 (0.5)
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21 d of growth, whereas cv Dagdas did not exhibit Zn
deficiency. Furthermore, at these low-Zn21 activities,
cv BDME-10 wheat seedlings exhibited greatly re-
duced root and shoot growth, both in terms of dry
weight production and root and leaf expansion (Ta-
ble I). At the higher Zn21 activities, there were no
dramatic differences in shoot and root biomass be-
tween the two wheat cultivars. However, at most
hydroponic solution Zn21activities, the Zn-efficient
cv Dagdas exhibited a moderate increase in root
length compared with the Zn-inefficient cv BDME-10
(Table I), indicating that efficient plants may be able
to access and explore a greater soil volume and thus
absorb more Zn from the soil. A similar finding was
reported by Dong et al. (1995) where the Zn-efficient
wheat genotypes developed longer and thinner roots
than inefficient genotypes in Zn-deficient soil. It is
interesting to note that for both Zn-efficient cv Dag-
das and inefficient cv BDME-10, root and shoot Zn
concentrations were similar, except at the lowest
Zn21 activity where it appears that the growth reduc-
tion caused by Zn deficiency in cv BDME-10 may
have resulted in moderate increases in root and shoot
Zn concentrations. These findings, particularly the
observation that shoot Zn concentrations did not dif-
fer greatly even when cv BDME-10 was exhibiting
fairly severe Zn deficiency symptoms, suggest that

absorption of Zn by roots does not play a major role
in differences in Zn efficiency. These results confirm
an earlier report by Cakmak et al. (1997) of similar
root and shoot Zn21 concentrations for Zn-efficient
and -inefficient cultivars.

Kinetics of 65Zn21 Influx in Wheat Roots

Although there have been several previous com-
parative studies of root Zn absorption by Zn-efficient
and -inefficient wheat cultivars, in none of these
studies was uptake studied at sufficiently low and
physiologically relevant Zn21 activities (Bowen,
1986; Mullins and Sommers, 1986; Wheal and Rengel,
1997; Erenoglu et al., 1999). Furthermore, in none of
the previous studies was a rigorous quantification of
root Zn21 influx carried out. Radiotracer flux tech-
niques that we had developed previously for quan-
tifying root Zn21 influx (Lasat et al., 1996; Cohen et
al., 1998; Hart et al., 1998) were used in this study. As
in the previous studies, the concentration-dependent
kinetics for Zn influx over a broad concentration
range (0.4–80 mm Zn) yielded smooth non-saturating
curves for Zn21 uptake that could be readily dis-
sected into linear and hyperbolic (saturable) compo-Figure 4. Concentration-dependent kinetics for high-affinity root

65Zn21 influx in Zn-deficient cv BDME-10 (A) and cv Dagdas (B)
wheat at low Zn concentrations (0.1–160 nM). Inserts depict the
kinetics of 65Zn21 influx from 0.1 to 10 nM Zn21. The kinetics have
been graphically resolved into linear (dashed line) and saturable
(dotted line) components as described in Figure 1. Error bars do not
extend outside some data points. Error bars represent means (n 5
4) 6 SE.

Figure 5. The influence of low temperature (2°C) on high-affinity
root 65Zn21 influx in Zn-sufficient cv BDME-10 (A) and cv Dagdas (B)
wheat seedlings and Zn-deficient cv BDME-10 (C) and cv Dagdas (D)
wheat seedlings. Data points and bars represent means and SE values
of four replicates. Error bars do not extend outside some data points.
Zn uptake at 2°C (Œ) is compared with uptake at 23°C (F) in A
through D.
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nents (Figs. 1 and 2). Previous work from our labo-
ratory using roots of other species and/or other
wheat cultivars showed that the linear component of
apparent Zn21 uptake was actually root cell wall-
bound 65Zn21 that remained after desorption (Lasat
et al., 1996; Cohen et al., 1998; Hart et al., 1998).
Results from experiments presented here for Zn21

uptake from solutions containing micromolar Zn also
showed this to be the case (Figs. 1 and 2). Thus, after
correction for this linear kinetic component, true Zn
influx into root cells was described by uptake sys-
tems following Michaelis-Menten kinetics.

Identification of Two Separate Uptake Systems for Zn:
Low- and High-Affinity Zn Transport

Based on the kinetic flux analysis conducted in this
study, it appears that in the micromolar Zn concen-
tration range, root Zn21 influx in both wheat culti-
vars can be described by a single low-affinity trans-
port system with an apparent Km in the 2 to 5 mm
range (Figs. 1 and 2; Table II). Similar low-affinity
root Zn transport systems have been described pre-
viously in wheat (Hart et al., 1998) and the Zn hy-
peraccumulator, T. caerulescens (Lasat et al., 1996).
Furthermore, the recent cloning of Zn21 transporter
genes in Arabidopsis (ZIP1-4, Grotz et al., 1998) and
T. caerulescens (ZNT1; Pence et al., 2000) showed sim-
ilar transport kinetics when expressed in yeast. In
both cases, the kinetics of Zn uptake were character-
ized as Michaelis-Menten, with apparent Km values
in the low micromolar range.

Characterization of this low-affinity Zn transporter
in Zn-deficient and -sufficient seedlings of the two
wheat cultivars revealed several features of impor-
tance to plant Zn nutrition and Zn efficiency. First, as
illustrated in Figures 1 and 2 and Table II, imposition
of Zn deficiency elicited a strong stimulation in the
Vmax for low-affinity Zn21 influx with little effect
on the apparent Km. This is consistent with up-
regulation of expression of the Zn transporter by
decreasing plant Zn status. This type of up-
regulation has been observed based on northern
analysis of the zinc and iron-inducible protein family
of Arabidopsis Zn transporters as well as the ZNT1
Zn transporter in Thlaspi (Grotz et al., 1998; Pence et
al., 2000). The second point to be made is that low-
affinity root Zn uptake does not appear to play a role
in the differences in Zn efficiency exhibited in these
two wheat cultivars. Although the apparent Km value
for the low-affinity system in Zn efficient cv Dagdas
exhibited a small decrease in Km, (from 5 to 2 mm;
Table II), it is likely this decrease is not physiologi-
cally relevant, as it does not significantly impact Zn
uptake at Zn levels normally found in agricultural
soils. Rather, a high-affinity Zn21 uptake system (dis-
cussed below) would appear to function as the pri-
mary means of Zn21 uptake under conditions of low
available soil Zn21.

All of the previous studies of root Zn uptake with
crop plants have focused on low-affinity Zn transport
that operates at relatively high soil Zn concentrations
(micromolar Zn). However, the activity of soil solu-
tion Zn21, particularly for plants growing on low Zn
soils is considerably lower than the micromolar lev-
els used in previous studies (Reid et al., 1996). There-
fore, we used chelate buffered radiolabeled solutions
to quantify unidirectional root Zn21 influx in the
nanomolar activity range. As shown in Figures 3 and
4, this allowed us to uncover the existence of a high-
affinity Zn transporter, with an apparent Km for Zn21

in the low nanomolar range. These findings provide
the first evidence, to our knowledge, for two separate
uptake systems for Zn mediating high- and low-
affinity transport in higher plants. Our initial kinetic
analyses of root Zn influx in the nanomolar Zn con-
centration range suggested that high-affinity Zn
uptake was complex, as we saw previously for
low-affinity uptake (Figs. 3 and 4). However, unlike
low-affinity transport, low temperature abolished
both saturable and linear Zn uptake, suggesting both
represent true Zn transport into root cells. Further
analysis of these kinetic data indicated that the linear
component for high-affinity uptake was actually the
small contribution to the total uptake by the low-
affinity transporter operating in the nanomolar con-
centration range. When this was subtracted from to-
tal uptake, a high-affinity transporter following
Michaelis-Menten kinetics was revealed with appar-
ent Km values for Zn21 ranging from 0.7 to 2.3 nm
(Table II).

This high-affinity uptake system in wheat roots is
likely to represent the predominant Zn21-uptake sys-
tem in soils with low available Zn levels. As seen in
Figures 3 and 4, at soil Zn21 activities below approx-
imately 10 nm, the high-affinity system should func-
tion to take up almost all available Zn21, whereas the
low-affinity system would account for very little
Zn21 uptake (compare the dashed line representing
the low-affinity component with the saturable curve
of the high-affinity system). In soils with available
Zn21 activities greater than 10 nm, the low-affinity
system should assume a more important role in Zn21

uptake. Therefore, the high-affinity Zn21 uptake sys-
tem would appear to be a critical determinant of the
ability of plants to acquire Zn, particularly from soils
at the low end of the 1 nm to 1 mm Zn21 range
reported for agricultural soils (Welch, 1995).

As we observed for the low-affinity Zn transporter,
the Vmax for this high-affinity system was stimulated
by the imposition of Zn deficiency, although in this
case the transporter was stimulated much more in
roots of Zn-inefficient cv BDME-10 (Table II). Also, as
was the case for low-affinity Zn uptake, there was no
correlation between uptake via this system and dif-
ferences in Zn efficiency between the two wheat
cultivars.
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Zn21 Uptake and Zn Efficiency

In this study, we have examined the role of root
Zn21 influx in differential Zn efficiency in contrast-
ing bread wheat cultivars. Recently, Erenoglu et al.
(1999) presented data suggesting that the differential
Zn efficiency expressed in the bread wheat genotypes
cv Dagdas, cv BDME-10, and cv Bezostaja was not
connected to their Zn uptake capacity. Results from
our studies show conclusively that root Zn21 uptake
was similar for efficient cv Dagdas and inefficient cv
BDME-10 over a wide range of plant Zn status and
Zn21 activities in the uptake solution. This conclu-
sion differs from that of Hart et al. (1998), who found
a correlation between Zn21 uptake and Zn efficiency
in a study comparing bread wheat and durum wheat
cultivars. The differential uptake kinetics measured
in that study may be related to genetic differences
between the two different wheat species.

The present study serves as a springboard for fur-
ther investigations of mechanisms of Zn efficiency in
wheat. The findings presented here suggest that dif-
ferences in Zn compartmentation or use in the shoot
may play a critical role in the underlying mecha-
nisms of efficiency. Therefore, future research will
include compartmentation studies to determine if the
inefficient wheat cultivar sequesters a larger fraction
of the shoot Zn in the vacuole, where it might be
unavailable for use in Zn-requiring physiological
processes and investigations to determine if Zn-
binding ligands might be involved in lowering the
concentrations of physiologically “active” Zn in the
cytosol.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The two bread wheat (Triticum aestivum) cultivars used
in these experiments were cv BDME-10 and cv Dagdas.
Both of these cultivars are widely grown in Turkey and
were selected for their relative Zn requirements. cv
BDME-10 requires considerably higher levels of soil Zn
than cv Dagdas, and these cultivars have been classified
Zn-inefficient and -efficient, respectively (Erenoglu et al.,
1999). Seeds of cv BDME-10 and cv Dagdas were surface
sterilized in 0.5% (v/v) NaOCl for 20 min, rinsed, and
germinated on filter paper in the dark. After 24 h, uniform
seedlings were transferred to black polyethylene cups with
mesh bottoms and covered with black polyethylene beads.
Cups were positioned above nutrient solution in holes of
light-sealed tops of 5-L polyethylene pots fitted with aera-
tion tubes. The pots were filled with a chelate-buffered
solution prepared in 12 MV de-ionized water and contain-
ing 1 mm KNO3, 1 mm Ca(NO3) 2, 0.05 mm NH4H2PO4, 0.25
mm MgSO4, 0.1 mm NH4NO3, 50 mm KCl, 12.5 mm H3BO3,
0.1 mm H2MoO4, 0.1 mm NiSO4, 0.4 mm MnSO4, 1.6 mm
CuSO4, 96 mm Fe(NO3)3, 118 mm H3HEDTA, and 2 mm MES
[2-(N-morpholino)ethanesulfonic acid], pH 6.0. Fe(NO3)3-
H3HEDTA and ZnSO4-H3HEDTA were prepared sepa-

rately before addition to nutrient solutions. Excess HEDTA
was used to buffer the metal activities of micronutri-
ents. The free activities of all components in the solution
were calculated using the chemical speciation program
GEOCHEM-PC (Parker et al., 1995). Plants used in uptake
experiments were grown in a controlled-environment
growth chamber with a 400 to 500 mmol m22 s21 photon
flux density, 20/15°C (16/8 h) day/night temperature
regime.

Analysis of Zn-Deficiency Stress

To determine the effects of Zn deficiency, cv Dagdas and
cv BDME-10 plants were grown as described above, in
nutrient solutions containing one of five Zn concentrations:
0.05, 0.1, 0.3, 0.5, and 5 mm. Free Zn21 activities predicted
by GEOCHEM-PC (Parker et al., 1995) were 0.48, 0.96, 2.90,
4.88, and 58.0 pm Zn21, respectively. Twenty-one-d-old
seedlings were harvested, rinsed in 18 MV water, blotted
dry, placed in coin envelopes, and oven-dried at 65°C for
4 d. Dried shoots and roots were weighed and digested in
concentrated HNO3 overnight at 120°C. Samples were then
dissolved in HNO3:HClO4 (1:1, v/v) at 220°C, resuspended
in 5% (v/v) HNO3 and analyzed for elemental composition
via simultaneous inductively coupled argon-plasma emis-
sion spectrometry (ICAP 61E trace analyzer, Thermo-Jarrel
Ashe, Franklin, MA).

Root 65Zn21-Influx Experiments

Plants used for 65Zn21 uptake experiments were grown
under either Zn-sufficient (147 pm Zn21) or Zn-deficient
(0.05 pm Zn21) conditions. Intact 10-d-old wheat seedlings
were removed from nutrient solution, the roots rinsed in 18
MV purity water for 2 min, and then placed in 5-L pots
containing pretreatment solution (2 mm MES-Tris, pH 6.0,
0.2 mm CaSO4, 12.5 mm H3BO3, 0.15 nm ZnSO4) for 30 min.
A custom-built Plexiglas uptake apparatus previously de-
scribed (Hart et al., 1992) was used for all uptake experi-
ments. Wells of the uptake system were filled with 60 mL
of uptake solution consisting of 5 mm MES-Tris, pH 6.0, 0.2
mm CaSO4, and 12.5 mm H3BO3, 0.4 mCi 65Zn21, and vary-
ing concentrations of non-radiolabeled ZnSO4 and EDTA
to yield the desired total Zn21 activity (0–160 nm Zn21 for
low-concentration range and 0–75 mm Zn21 for high-
concentration range). A 1-mL aliquot of uptake solution
was removed as an internal standard. Uptake was initiated
by gently inserting the roots of intact seedlings into the
wells. Separate experiments showed that Zn21 accumula-
tion increased linearly over 90 min, so 20 min was chosen
as an appropriate time period to assess unidirectional Zn21

influx. At the end of the 20-min uptake period, a second
1-mL aliquot of the uptake solution was taken to determine
the amount of substrate (65Zn21) depletion. Depletion was
measured to ensure that roots were exposed to solutions
with stable Zn21 concentrations. The uptake solution in the
wells was then removed by vacuum withdrawal and re-
placed with ice-cold (2°C) desorption solution (5 mm MES-
Tris, pH 6.0, 5 mm CaSO4, 100 mm ZnSO4). After two
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7.5-min desorption periods (15 min total desorption), seed-
lings were removed from wells, roots were blotted with
damp paper towels, excised, and weighed. 65Zn taken up
by excised roots was directly measured via g detection
using a g counter (Auto-Gamma 5530, Packard, Meriden,
CT). Experiments were replicated at least two times.
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