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It has long been recognized that diffusive boundary layers affect the determination of active transport parameters, but this has
been largely overlooked in plant physiological research. We studied the short-term uptake of cadmium (Cd), zinc (Zn), and
nickel (Ni) by spinach (Spinacia oleracea) and tomato (Lycopersicon esculentum) in solutions with or without metal complexes. At
same free ion concentration, the presence of complexes, which enhance the diffusion flux, increased the uptake of Cd and Zn,
whereas Ni uptake was unaffected. Competition effects of protons on Cd and Zn uptake were observed only at a very large
degree of buffering, while competition of magnesium ions on Ni uptake was observed even in unbuffered solutions. These
results strongly suggest that uptake of Cd and Zn is limited by diffusion of the free ion to the roots, except at very high degree of
solution buffering, whereas Ni uptake is generally internalization limited. All results could be well described by a model that
combined a diffusion equation with a competitive Michaelis-Menten equation. Direct uptake of the complex was estimated to be
a major contribution only at millimolar concentrations of the complex or at very large ratios of complex to free ion concentration.
The true K, for uptake of Cd** and Zn** was estimated at <5 nw, three orders of magnitude smaller than the K, measured in
unbuffered solutions. Published Michaelis constants for plant uptake of Cd and Zn likely strongly overestimate physiological

ones and should not be interpreted as an indicator of transporter affinity.

Internalization of metals by biota is traditionally
described by Michaelis-Menten kinetics (Wilkinson
and Buffle, 2004). The K, corresponds to the concen-
tration in solution at which the uptake is one-half
of the maximal uptake, F,,,. The Michaelis-Menten
equation relates the uptake flux, F, to the free ion
concentration at the site of uptake, [M]:

o [M] s
F = Fanx— i W

If diffusion of a metal across a diffusive boundary
layer adjacent to the roots is the rate-limiting step for
uptake, the concentration at the site of uptake will be
lower than that in the bulk solution. As a result, dif-
fusion limitations result in an overestimate of the K, if
the concentration at the root surface is assumed to be
the same as in the bulk solution, as is usually done.
This bias in K, has been discussed in detail by Winne
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(1973) and has, for instance, been demonstrated ex-
perimentally for uptake of Glc in rabbit jejunum
(Thomson and Dietschy, 1980) and for uptake of sev-
eral sugars, amino acids, and bile acids in rat ileum
(Wilson and Dietschy, 1974).

Models used to predict ion availability and toxicity
of metals by plants usually rely on the assumption that
uptake is controlled by the free metal ion activity and
the activity of competing ions in the bulk solution. For
instance, the biotic ligand model (BLM), originally
developed to predict metal toxicity to aquatic orga-
nisms, assumes that toxicity of an ion is mitigated by
the presence of competing ions that bind on the biotic
ligand (Paquin et al., 2002). Hough et al. (2005) used a
free ion activity model taking into account proton
competition effects to predict cadmium (Cd) uptake by
soil-grown ryegrass (Lolium perenne). The uptake was
reasonably well predicted; however, as the authors
pointed out, it was not clear whether the derived con-
stants truly represented physiological affinity constants
or were just fitting parameters in a rate-limited uptake
process. In case of strong diffusion limitation, ion
competition effects on the internalization are expected
to have negligible effect on the uptake, as the uptake is
controlled by diffusion and not by internalization
(Campbell et al., 2002; Degryse and Smolders, 2012).

In previous studies, we found strong evidence that
uptake of Cd and zinc (Zn) is limited by the diffusive
transport of the free metal ion to the root at low free
ion concentration. At constant free ion concentration,
the uptake of Cd and Zn increased in presence of metal
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complexes and the contribution of the complex in-
creased with increasing dissociation rate of the com-
plex (Degryse et al, 2006a, 2006c). In unbuffered
solutions, i.e. solutions without metal complexes, stir-
ring increased Cd uptake by plants (Degryse and
Smolders, 2012). For nickel (Ni), however, contribution
of complexes was small or undetectable, and stirring
did not increase the uptake (Degryse and Smolders,
2012). Given this evidence that Cd and Zn uptake by
plants is limited by dlffusmn it is llkely that published
K,, values for uptake of Cd** and Zn** by plants over-
estimate true physiological values. This bias in the K,
when a diffusive boundary layer is present has been
largely ignored in plant-physiological research. Indeed,
in numerous studies the K, value has been interpreted
as a characteristic of the carrier-mediated transport
process, while in many cases it may reflect mass transfer
properties. In addition, these diffusion limitations may
mask ion competition effects in the uptake.

The aim of this article was (1) to present evidence
that K_, values determined for Cd** and Zn** uptake
by plants in general reflect transport limitations rather
than transporter affinity; (2) to derive true K values
by determining the K, under conditions where the
uptake is not transport limited; (3) to identify the
consequence of diffusion limitations on competition
effects; and (4) to describe uptake of Cd, Zn, and Ni by
plants in a single comprehensive model that combines

competitive Michaelis-Menten kinetics with a diffusion
equation.

Theoretical Framework

In the following, we qualitatively discuss the bias in
the K., because of diffusion limitations, based on Fig-
ure 1. Equations are given in the “Materials and
Methods” section. Figure 1A presents a case where the
potential internalization flux by the plant at low con-
centrations is much larger than the maximal rate at
which the free ion can be supplied through diffusive
transport of the ion to the root surface. In this case, the
actual uptake flux by the plant will approach the
maximal diffusive flux, and the free ion concentration
at the root surface is much smaller than that in the bulk
solution. The apparent K (K_* determined as the
concentration where the uptake flux is one-half of the
maximal uptake) is much larger than the true K,
value. In Figure 1B, the potential internalization flux at
low concentration is of the same order of magnitude as
the maximal diffusion flux. In this case, the concen-
tration at the root surface is slightly smaller than that
in the bulk solution, and there is only a slight bias in
the K, value.

Given the evidence that uptake of Cd and Zn by
plants is diffusion limited, even in stirred nutrient s0-
lutions, we hypothesize that reported K, values of Cd**

Figure 1. Conceptual diagram of the
internalization flux (Michaelis-Menten
curve; full line), maximal diffusive
supply from solution to root (dashed
line), and actual uptake flux (dotted
line) as a function of free ion concen-
tration for two theoretical cases. Left
and right sections show the same
curves, on log (left) or linear (right)
scale. In A, the potential internalization
flux is much larger than the maximal
diffusive supply at low concentrations,
i.e. the uptake is strongly limited by the
transport of the free ion to the root.
The plant acts as a near-zero sink, and
the actual plant uptake equals the
maximal diffusive flux. The K_* is much
larger than the true K, and the experi-
mental permeability P (slope of the ac-
tual uptake curve) is much smaller than
the membrane permeability P, (slope
of the internalization curve). In B, the
maximal diffusive flux is larger than
the potential internalization flux. The
uptake is not limited by diffusive trans-
port, and the K_* and true K, are almost
equal.
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and Zn*" are biased, and that the physiological K,
values are much smaller. To test this hypothesis, we
measured the uptake of Cd, Zn, and Ni in solution, in
absence or in presence of labile hydrophilic metal
complexes. If diffusion limitations prevail, the com-
plexes dissociate within the diffusion layer and thus
enhance the diffusion flux and therefore the metal
uptake. By adding labile complexes in large amounts,
it should be possible to abolish the diffusion barrier
completely, in which case the physiological K, can be
determined.

In addition, the effect of competitive ions on uptake
was tested. The presence of competitive ions decreases
the internalization flux. However, if uptake is rate
limited by the diffusive transport to the uptake site
and not by internalization, competition effects should
theoretically not affect the uptake flux.

RESULTS

Short-term (4-h) uptake experiments were carried
out with radiolabeled solutions. As most of our ex-
periments were done with spinach (Spinacia oleracea),
the full model description is applied on the data for
spinach. Also for tomato (Lycopersicon esculentum),
experiments were carried out using a high degree of
metal buffering to determine the physiological K.
Smaller datasets were obtained for three other plant
species (rapeseed [Brassica napus], wheat [Triticum
aestivum], and the Zn-Cd-hyperaccumulator Thlaspi
caerulescens), for which the effect of stirring and
buffering by metal complexes on Cd uptake was
investigated.

Effect of Stirring

Cd uptake at low concentration (1 nm) in a solution
without metal buffering was significantly (P < 0.05)
increased by stirring the solution during the 4-h uptake

Biased Michaelis Constants for Cadmium and Zinc Uptake

period (Table I). The effect of stirring was more pro-
nounced for the hyperaccumulator (7-fold increase)
than for the other species (1.2- to 3.4-fold increase).

As previously discussed, no effect of stirring on Cd
uptake was observed at high Cd** concentratlon (1 g
Degryse and Smolders, 2012) or at low Cd*" concen-
tration (1 nm) in presence of complexes (Degryse et al.,
2006b). For Ni, no effect of stirring was observed even
at low Ni** concentration (1 nm) in unbuffered solution
(Degryse and Smolders, 2012).

Effect of Complexes

For spinach and tomato, the effect of complexes on
the uptake was assessed at different free metal ion
concentrations. At a free ion concentration of 1 nm, the
uptake of Cd and Zn strongly increased in the pres-
ence of complexes with nitrilotriacetate (NTA; Fig. 2).
There was relatively less contribution of the complexes
to the uptake at a free ion concentration of 0.1 um and
only a very small contribution at a free ion concen-
tration of 10 uM. These findings are in agreement with
our hypothesis that the complexes mainly contribute to
the uptake through their effect on the diffusive flux,
which limits the uptake at low free ion concentrations
(Fig. 1A). If uptake is strongly limited by diffusion, the
plant roots act as a near-zero sink and the uptake
equals the maximal diffusion flux. An effective diffu-
sion layer thickness of 0.7 to 1 mm was estimated
based on the uptake in the solutions without com-
plexes. In contrast to Cd and Zn, the presence of
complexes had no or little effect on the Ni uptake (Fig.
2), suggesting that the diffusive transport was not
limiting the uptake. This was corroborated by the circa
3-fold lower uptake flux for Ni than for Cd and Zn at
free ion concentrations below 1 um.

Table I shows results for the effect of complexes on
Cd uptake at 1 nm Cd*" for different plant species. As
discussed before for spinach (Degryse et al., 2006a), the

Table I. Effect of stirring and buffering with complexes on uptake of Cd by four plant species, at a Cd** concentration of 1 nm

The 4-h uptake (in nmol per g root fresh weight [RFW] per hour) was determined in solutions with 2 mm Ca(NO,),, 2 mm MES (pH 6.0), 15 um
H;BO; in absence or presence of complexes of different dissociation rate. The total ligand concentration, [L,], and the ratio of total Cd concen-
tration to the free Cd** concentration (1 nwm), [Cd,,J/[Cd**], in the solution is specified in the table. st of n replicates between brackets. y, Solution

stirred; n, solution unstirred during the uptake period.

. ) . Spinach Rapeseed T. caerulescens Wheat

Ligand® [Lod  [Cdl/ICd™]  Stirred

Cd uptake n Cd uptake n Cd uptake n Cd uptake

mu nmol (g RFW)"" h™' nmol (g RFW)"" h™' nmol (g RFW)"" h™' nmol (g RFW)"" h™'

- 1 n 6 0.070 (0.009) 12 0.051 (0.007) 2 0.170 (0.008) 2 0.078 (0.001)
- 1 y 13 0.239 (0.018) 17 0.114 (0.012) 3 1.17 (0.17) 2 0.093 (0.004)
NTA 0.10 100 n 3 4.55 (0.49) 3 2.08 (0.52) 2 6.24 (0.41)
NTA 0.30 310 n 3 11.2 (1.1) 3 5.91 (0.46) 2 14.5 (1.7)
NTA 1.0 1,260 n 3 26.2 (1.3) 3 12.1 (1.8) 2 28.2 (3.7)
NTA 3.0 5,700 n 2 39.3 (8.1) 3 325 (4.4) 2 72.6 (10.0)
NTA 4.9 10,000 n 2 2 7.22 (2.08)
HEDTA 0.029 10,000 n 3 8.25 (0.81) 2 16.5 (0.7) 2 24.8 (8.9) 2 2.37 (0.32)
CDTA  0.014 10,000 n 2 1.62 (0.23) 2 4.13 (0.03) 2 11.5 (1.5) 2 1.15 (0.45)

“Dissociation rate constant, kg, of the Cd-ligand complex: >1072,1072%, and 107° s for NTA, HEDTA, and CDTA, respectively.
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Figure 2. Short-term (4-h) uptake
flux of Cd, Zn, and Ni by spinach
(left) or tomato (right) as a function
of the free ion concentration in so-
lution for solutions without com-
plexes (circles) or in solutions with
complexes (diamonds). The com-
plex to free ion concentration ratio
was 100 (white symbols), 10* (gray),
or 10° (black) for Cd and Zn, or
approximately 30 (white), 40 (gray),
or 100 (black) for Ni. The dashed
line show the maximal diffusion
flux for a diffusive layer thickness &
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uptake ranged over more than two orders of magni-
tude despite the identical free ion concentration. The
uptake increased with increasing concentration of
complex or, at a same concentration of complexes,
with increasing dissociation rate of the complex
[NTA > N-(2-hydroxyethyl)-ethylenediamine-N,N’,
N'-triacetate (HEDTA) > trans-1,2-cyclohexyldiamine-
N,N,N’,N’-tetraacetate (CDTA)].

The percentage of Cd recovered in the shoots was
generally less than 10%. However, at high degrees of
buffering by metal complexes, larger recoveries in the
shoot were observed. In a few cases, even more than

1100

50% of Cd taken up was recovered in the shoots. In
contrast with the total uptake flux or the uptake in the
root, the uptake in the shoot showed no relation to the
dissociation rate of the complex (Fig. 3), suggesting
that there is also a passive, indiscriminate uptake
mechanism.

Effect of Competitive Ions

No competitive effects of protons or Ca** (for cal-
cium) on the uptake of Cd and Zn were observed in

Plant Physiol. Vol. 160, 2012
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Figure 3. The Cd uptake in root (left) and shoot (right) of spinach for a 4-h uptake period, expressed as root fresh weight (RFW)-
based uptake flux, as function of the total metal concentration in solution, for solutions with 1 nm Cd** and 1, 10, or 100 um Cd
complex [basic solution composition: 2 mm Ca(NO,), and 2 mm MES at pH 6.0]. The uptake in the root follows the same order
as the dissociation rate of the complex. The uptake in the shoot does not show any consistent differences between the com-
plexes and increases proportionally to the total concentration, suggesting passive uptake. The line shows the relationship for a

passive permeability coefficient of 1077

unbuffered solutions. However, a proton competition
effect on the uptake was observed in solutions where
the concentration of Cd- NTA complexes was 10* times
larger than the free Cd** concentration, as discussed
recently (Degryse and Smolders, 2012). This suggests
that this strong buffering increased the diffusion flux
to the point where the internalization flux was limit-
ing the uptake. For Zn, a proton competition effect
only became apparent at an even larger degree of
buffering (Zn-NTA to Zn** concentration ratio of 10°;
Supplemental Fig. S1).

The presence of complexes did not increase Ni up-
take at pH 5 or 6, but slightly increased the uptake
at pH 7, suggesting that the smaller proton activity at
pH 7 increased the internalization flux to the extent
that the diffusive transport became partly rate limiting
(Degryse and Smolders, 2012).

At all pH values, a very clear competition effect
of Mg”* (for magnesium) on Ni uptake was observed
(Fig. 4). Increasing the Mg concentration from mi-
cromolar range to 10 mm decreased the uptake 3- to
5-fold. Varying Ca** concentrations over this range did
not have any significant effect on the Ni uptake.

Michaelis Constants for Uptake of Cd, Zn, and Ni

The Michaelis-Menten equation (Eq. 1) was fitted to
the uptake curves measured in unstirred solutions at
pH 6 without complexes and to those measured at
the largest degree of buffermg (at a complex to free ion
concentration ratio of 10° for Cd and Zn). In these
latter solutions, the uptake of Cd and Zn is supposedly
internalization limited (i.e. controlled by the trans-
porters), given the proton competition effect appearing
at this degree of buffering (Supplemental Fig. S1). In
the unbuffered solutlons, the K_* was between 1.5
and 6 uwm for uptake of Cd** and 7n?* by both spinach
and tomato. In contrast, K, values in the metal-buffered

Plant Physiol. Vol. 160, 2012

cm s~ . Error bars give sts of the mean for three replicates.

solutions were in the nanomolar order, about three
orders of magnitude smaller than corresponding K _*
values determined in unbuffered solutions (Table II).

For Ni, no systematic difference in K, was found
between buffered and unbuffered solutions (Table II).
The estimated K, ranged from 11 to 57 um.

Model Predictions

We modeled the uptake of Cd, Zn, and Ni by
spinach using a diffusion equation combined with a
Michaelis-Menten equation (Fig. 1). The data on which
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Figure 4. Observed permeability (ratio of surface based uptake flux to
free Ni** concentration) for Ni uptake by spinach as function of Mg
concentration, in solution without or with complex (Ni-IDA). The Ni%*
free ion concentration was circa 1 nm and the complex to free ion
concentration in the buffered solution was circa 30. Error bars indicate
ses of two replicates.
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Table Il. Kinetic parameters for uptake of Cd, Zn, and Ni by spinach and tomato in unbuffered solutions
or in solutions buffered with metal complexes

The K., was determined based on uptake in unstirred, unbuffered solutions (K_*) or in solutions that
were buffered with complexes and in which uptake was likely internalization limited (K.,). The perme-
ability P corresponds to the slope of the uptake curve at low concentrations and is calculated as the ratio of
F.ox to K, with F,__expressed on a surface area basis (based on a specific root area of 200 cm? per g root

fresh we[ght [RFW]). Data for solutions with 2 mm Ca(NO,), at pH 6.0.

Plant Unbuffered Buffered®
. F.
Species/Element max K,* P K, PP
nmol (g RFW)™" h™! M cms! M cms™!
Spinach
Cd 99.4 (0.2)¢ 2.83 (0.01) 49x107° 0.0021¢ 6.6 X 1072
Zn 89.6 (0.1) 1.43 (0.02) 8.7 X 107° 0.0029¢ 4.5 % 1072
Ni 460 (1) 36.8(0.1) 1.7 x107°  22-57  1.1-3.0Xx 107°
Tomato
Cd 83.4 (0.1) 1.49 (0.01) 7.8 X107 0.0033¢ 3.5 X 1072
Zn 190 (3) 4.72 (0.26) 5.6 X 107° 0.0040¢ 6.5 X 1072
Ni 270 (1) 19.8(0.1) 1.9x107° 11-36  1.1-3.3 X 107°

3For Cd and Zn: buffered at a ratio of metal-NTA complex to free ion concentration of 10°; for Ni: range
of K, derived for solutions buffered at complex to Ni** concentration ranging between 30 and 100.
PAssumed to correspond to the membrane permeability P,, since uptake was likely internalization limited.
“sps (between brackets) were calculated from the correlation matrix, using the SolverAid macro from de Levie

(1999).

dsp estimated at less than 0.1 nm, but this does not take into account the uncertainty in the com-

plexation constants used to calculate the solution speciation of the buffered solutions.

the model was fitted cover a wide range of free metal
ion activities and solution competition (Supplemental
Table S1). A competitive Mlchaehs Menten equation
was used to account for the Mg and proton compe-
tition effects observed for Ni** uptake and for the proton
competition effects observed for Cd and Zn uptake at a
high degree of buffering.

The effective diffusive layer thickness 6 was as-
sumed to be 0.8 mm in unstirred solutions and 0.3 mm
for stirred solutions, as our previous experiments on
Cd uptake suggested approximately these values
(Degryse et al., 2006b; Degryse and Smolders, 2012),
and these values are also in reasonable agreement with
estimated provided in literature for unstirred layer
thicknesses near membranes (Barry and Diamond, 1984).

The metal-binding constants of the competitive
Michaelis-Menten equation were fitted by minimizing
the residual sum of squares of the log-transformed
uptake data (Table III). The least-square solution for
the Ni parameters was logKy; 4.5 and logK, 2.5. Even
though we found some indication of a proton com-
petition effect (Degryse and Smolders, 2012), the
proton-binding parameter was nonsignificant. For Zn,
binding parameters of logK,, 8.7 and logK; 5.8 were
derived. For Cd, the proton- and metal-binding pa-
rameter were very strongly covaried and, as a result,
no reliable estimates could be derived by fitting both
parameters together. This strong covariation between
binding parameters has been discussed in more detail
by Mertens et al. (2007). Since the binding constant
Ky, corresponds to the reciprocal of the K in a
competition-less, internalization-limited scenario, we
calculated the K, as the reciprocal of the K, derived
at pH 7 (little proton competition) and at the highest
degree of metal buffering (in which case uptake is

1102

supposedly internalization limited). The estimated
binding parameters were nearly identical to those for
Zn (Table II). Predicted values for Cd uptake are al-
most unaffected and the model R* remains at 0.90 if
logK-4 and logKy; are increased by the same value
because of the strong covariation, but decreasing the
logK values results in a decrease in the model R*
because of underprediction of the uptake in the most
strongly buffered solutions.

The uptake predicted by the model was in good
agreement with measured uptake (Fig. 5). For Cd and
Zn, uptake was predicted to be diffusion limited in
most cases. Only at large degree of buffering by labile
complexes, the diffusion flux is increased to the point

Table 1l1. Estimated binding constants of metal and competitive ions
for metal uptake by spinach

Binding constants were derived by fitting the model, which com-
bines a diffusion equation with a competitive Michaelis-Menten
equation (Eq. 7), to the observed data. sp of parameter estimates (in
parentheses) was calculated from the correlation matrix, using the
SolverAid macro from de Levie (1999). The model R2 (calculated as
1 — SSE/SSTO, with SSE the error sum of squares and SSTO the total sum
of squares of log-transformed uptake fluxes) was 0.90 for Cd, 0.94 for
Zn, and 0.97 for Ni. n = Number of data points.

Binding Constant Cd Zn Ni
n=78 n=39 n=43

logKy, 8.7¢ 8.7 (0.1) 5 (<0.1)

logK, 5.8 (<0.1) 5.8 (0.3)

logKyg 2.5(0.6)

“The covariation between logK.4 and logK}, was too large to fit them
together. The binding constant for Cd was calculated as the reciprocal
of the K, at pH 7 and high degree of buffering (complex [Cd-NTA] to
free ion concentration ratio of 10°).

Plant Physiol. Vol. 160, 2012
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where the internalization flux is limiting the uptake
(Fig. 5). For Ni, the uptake was predicted to be mostly
internalization limited, though a slight diffusion limi-
tation was still predicted at low Mg concentrations.
For instance, the actual uptake flux at pH 6 at low
Mg (<10™* M) was predicted to be 27% less than the
internalization flux. At high Mg concentrations, the
uptake was predicted to be fully internalization limited.

To summarize these effects of buffering and com-
petition effects, we plotted theoretical curves and

Biased Michaelis Constants for Cadmium and Zinc Uptake

experimental points as proposed by Smulders and
Wright (1971; Fig. 6). The experimentally observed
permeability P (uptake flux normalized against free
ion concentration) at low concentrations, correspond-
ing to the slope of the uptake curve, was plotted
against the estimated membrane permeability P, (ra-
tio of F_, to estimated true K , ie. the slope of
the internalization curve; Fig. 1). If the membrane
permeability is smaller than the diffusional permea-
bility, internalization is limiting the uptake and the
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observed permeability equals the membrane permea-
bility. If the membrane permeability is larger than the
diffusional permeability, diffusion limits the uptake
and the observed permeability equals the diffusional
permeability. In unstirred, unbuffered solutlons the dif-
fusional permeability is approximately 6 X 10> cm s ™',
corresponding to D/6, and uptake is, therefore, dif-
fusion hm1ted if the membrane permeability exceeds
6 X 107> cm s, as is the case for Cd and Zn (Table II).
In strongly buffered solution, the diffusional perme-
ability is much larger because the complexes enhance
the diffusion flux, and diffusion limitations only oc-
cur at much larger values of the membrane permea-
bility. Competition effects on the internalization flux
(i.e. on the membrane permeability) only become
apparent if the uptake is not 11m1ted by the diffusive
transport This explains why the Mg** competition effect
on N1 uptake (for which the estimated P, is around 2 X
10 °cms ' or less in presence of Competltors) is apparent
in unbuffered solutlons while the proton competition
effect on Cd** and Zn uptake (for which the estimated
P, is around 5 X 102 cm s ') is apparent only in very
strongly buffered solutions.

The model was also fitted when taking into account a
passive uptake component (Eq. 10). The fitted value for
the passive permeability (passive uptake ﬂux divided
by total metal concentrahon) was 9.0 X 10" cm s™! for
Znand 1.7 X 107 cms™ ! for Cd (see Supplemental Text
52 and Supplemental Table S4), i.e. of similar magni-
tude as the value estimated based on Cd measured in

10-1 -

ecdus O -ipm

10-2 4

10—3 4

P (cms?)

10 1
3=0.8 mm

10-5 4

10 mM Mg

10.6 T T T T T T
10¢ 10° 10* 10% 107 10! 10°

P, (cms?)

Figure 6. Theoretical curves relating the apparent measured permea-
bility P to the membrane permeability P,, (adapted from Smulders and
Wright, 1971). The curves are shown for an unstirred, unbuffered so-
lution (diffusive layer thickness & of 0.8 mm) or for a very strongly
buffered solution (reaction layer thickness w of 1 um). The symbols
show measured permeability for spinach against estimated membrane
permeability (using the best-fit model parameters; Table IlI) for Ni
uptake at low or high Mg concentration and for Cd and Zn uptake at
different pH values in unbuffered (black symbols) or strongly buffered
solutions (white symbols).
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the shoot in solutions strongly buffered with complexes
(Fig. 3). The improvement in the predictions was very
small, however, as most variation was explained by
only taking into account the active uptake. Only in
treatments with very high degree of buffering, this
passive uptake was estimated to have a large contri-
bution to the overall uptake.

DISCUSSION

Effect of Complexes to Cd and Zn Uptake: Diffusion
Alleviation or Direct Uptake

Several authors have reported the contribution of
complexes to Cd or Zn uptake by plants, e.g. for barley
(Hordeum wulgare; Bell et al.,, 1991), Lactuca sativa
(McLaughlin et al., 1997), wheat (Wang et al., 2009),
and Triticum turgidum (Panfili et al.,, 2009). Usually,
two hypotheses are given that may explain this con-
tribution of complexes to the uptake: (1) the uptake is
rate limited by diffusion of the free ion to the site of
uptake and the presence of complexes increases the
diffusive supply, or (2) the complexes are directly
taken up. Some studies have indeed shown direct
uptake of the complex, but at large (mM) concentration
of complexes, mostly in phytoremediation studies. For
instance, Niu et al. (2012) found that copper (Cu) in
plants grown on soil treated with [S, S]-ethylenedia-
mine disuccinic acid (EDDS; lowest concentration
0.5 mmol/kg) was mainly as Cu-EDDS. At all con-
centrations, plant yield was significantly reduced,
suggesting damage to the plants. Collins et al. (2002)
tested the effect of EDTA addition to soil on Zn
uptake and measured Zn-EDTA in the xylem. No
Zn-EDTA in the xylem sap was detected at a rate of
0.034 mmol/kg or 0.34 mmol/kg (except for one
species). At 3.4 mmol/kg, Zn-EDTA concentrations in
the xylem were small compared with those in the soil
solution, except for barley, the species that showed
evidence of physiological stress at this rate (decreased
transpiration rate). Also results of Schaider et al.
(2006) suggested that physiological stress increased
the unrestricted uptake of metal-chelate complexes.

At low concentrations of complexes, there is to our
knowledge no evidence in literature of a large contri-
bution of direct uptake to the overall uptake. Panfili
et al. (2009) determined uptake of citrate (at 0.26 mwm)
and Cd by wheat in nutrient solutions using double la-
beling (*C and '™Cd). Uptake of citrate was observed,
but was small and could not explain the observed in-
crease in Cd uptake in solutions with citrate compared
to a control solution at the same Cd*" activity. As
pointed out by the authors, contribution of the com-
plexes through dissociation with the diffusive bound-
ary layer was the most likely explanation for the
observed increase in uptake in presence of Cd-citrate,
as the calculated limiting diffusion flux was similar to
the observed uptake flux in the unbuffered solution.
Also in our previous work, we argued that the con-
tribution of complexes to the uptake was likely due to
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alleviation in diffusion limitations, and this for several
reasons: (1) the contribution of the complexes to the
uptake follows the same order as the dissociation rate
of the complex, (2) at constant free ion concentration
and increasing concentration of complex, the uptake
increases not proportional to the total concentration,
but in general follows a square-root relationship
(10-fold increase in concentration results in approxi-
mately 3-fold increase in uptake) that is in agreement
with diffusion-limited uptake (Eq. 9), (3) the uptake flux
in unbuffered solution is of similar magnitude as the
calculated limiting diffusion flux, (4) stirring the solution
increases the uptake, and (5) complexes contribute much
less at high free ion activity when the uptake saturates.

We found indications, however, that complexes can
also be directly taken up, as evident from the strong
relationship between total metal concentration in so-
lution and Cd measured in the shoot at the end of the
4-h uptake period in strongly buffered solutions. The
fraction of Cd recovered in the shoot was only large
(>20%) for large degrees of buffering. Both the rela-
tionship between uptake flux into the shoot and total
metal solution concentration (Fig. 3) and the inclusion of a
passive uptake component in our model (Eq. 10) suggest
a passive permeability coefficient of circa 10" cm s !
for spinach. Also for the other plant species, the rela-
tionship between uptake flux into the shoot and total
metal solution concentration suggested values in this
order. This value is of the same order as water uptake
rates (Tinker and Nye, 2000). Our modeling and ex-
perimental results suggest that this passive uptake only
prevails at high degree of buffering with slowly dis-
sociating complexes or at millimolar concentrations of
complexes (see Supplemental Text S2 and Supplemental
Table S5). These conditions are not likely to occur in
soils, except in chelate-amended soils as is the case with
chelate-assisted phytoremediation.

Our results suggest that also in soils, Cd and Zn
uptake by plants is likely to be limited by diffusion at
low (submicromolar) Cd** and Zn*" concentrations, in
which case labile complexes in soil solution are ex-
pected to contribute to the uptake. A large degree of
buffering (total to free ion concentration ratio of at
least 10%) with fast dissociating complexes is necessary
to increase the diffusion flux till the point where the
uptake is most likely internalization limited at low
metal concentrations (Fig. 2). Such a large degree of
solution buffering is unlikely under environmentally
relevant conditions. For instance, Nolan et al. (2003)
found that the fractions of dissolved Cd and Zn pre-
sent as free ion were >10% in solutions of soils cov-
ering a wide range of properties.

Internalization-Limited Ni Uptake?

The lower uptake of Ni** than of Cd** or Zn*', the
negligible contribution of Ni complexes to the Ni**
uptake (Fig. 2), the Mg** competition effect in unbuf-
fered solutions (Fig. 4), and the lack of effect on stirring
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on Ni uptake (Degryse and Smolders, 2012) all suggest
that Ni uptake was mostly limited by internalization.
Morel et al. (1991) already hypothesized that Ni up-
take is less likely to be limited by diffusive transport
than uptake of Cd or Zn because of its slower water-
loss rate. The rate-limiting step in binding to the biotic
uptake site is likely to be the loss of a water molecule
from the inner hydration sphere of the metal ion, and
the internalization flux is therefore expected to be
smaller for Ni than for Cd and Zn. The water exchange
constants of Cd and Zn are around 5 X 10® s}, while
that of Ni is only 2.7 x 10* s7/, i.e. four orders of
magnitude smaller (Kobayashi et al., 1998; Inada et al.,
2005). This corresponds to the difference in our fitted
binding constants (Table III).

Competition Effects

A clear Mg competition effect on Ni uptake was
observed. Similar observations have been made for Ni
uptake by green algae (Worms and Wilkinson, 2007).
Lock et al. (2007) developed a BLM for Ni toxicity to
barley root elongation, and also found that Mg** was
the main competitive ion, while Ca*", K* (for potas-
sium), and H" (for hydrogen) had negligible effects on
the toxicity of Ni**. Similar observations were made by
Li et al. (2009) who further refined the BLM.

For Cd and Zn, we found no effect of Ca concen-
tration or pH on the uptake, except at a very high
degree of buffering, where a proton competition effect
became apparent (Supplemental Fig. S1). An apparent
competition effect has also been observed for uptake of
Cd (Vigneault and Campbell, 2005) and Zn (Harrison
et al., 1986) by freshwater algae. This effect of pH is
likely not a true competition effect, but may be caused
by conformational changes in the surface transport
proteins, as suggested by Frangois et al. (2007).

The strong diffusion limitation in uptake of Cd and
Zn explains why competition effects on the internali-
zation only become apparent in very strongly buffered
solutions. Few studies have reported competition ef-
fects on Cd or Zn uptake in short-term experiments
at low (submicromolar) solution concentrations. How-
ever, Hart et al. (2002) observed a decrease in Cd
uptake, even at low concentrations (below those where
the uptake saturates) when adding 10 um Zn to the
uptake solution. We speculate that this competition
effect may be related to less transporters being avail-
able for Cd at this relatively high Zn concentration.
As explained above, a lower transporter density can
decrease the uptake even under transport-limited
conditions.

Effect of Transporter Density and Other Biotic Factors on
Diffusion-Limited Uptake

Pence et al. (2000) reported an increase in ZNT1
expression in T. caerulescens plants in response to low
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Zn status and larger ZNT1 expression in the hyper-
accumulator T. caerulescens than in a related non-
hyperaccumulator. In this study, we observed a larger
Cd uptake for T. caerulescens ‘Ganges’ than for non-
hyperaccumulating plant species (Table I), in agree-
ment with the high Cd uptake observed by Lombi
et al. (2001) for this ecotype. Several authors have
suggested that large uptake of Zn and Cd by hyper-
accumulators is related to the presence of high-affinity,
highly expressed transporters (e.g. Lombi et al., 2001).
However, according to the theoretical framework
presented here, no effect of increasing the transporter
affinity (i.e. a lower true K,,)) on the uptake is expected
under diffusion-limited conditions (Fig. 1A). An in-
crease in transporter density (number of transporters
per unit root surface area), on the other hand, can
theoretically increase the uptake flux even under
diffusion-limited conditions. Only at high transporter
density, the diffusion flux to the surface equals that to
a fully covered surface. In that case, further increasing
the transporter density will theoretically not affect the
uptake under diffusion-limited conditions. At low
transporter density, however, the diffusion zones of
the individual transporters do not overlap, and the
total diffusive flux to the surface is proportional to the
number of transporters (Supplemental Fig. S2). In
the intermediate case, increasing transporter density
increases the diffusion flux to the surface, but less than
proportionally (Wilkinson and Buffle, 2004). The larger
effect of stirring on the Cd uptake by T. caerulescens
than by the other species (Table I) is in agreement with
this theoretical framework (see Supplemental Text S1
and Supplemental Fig. S3 for a quantitative analysis).

In our model description, we considered the root
surface to be fully active in the uptake. Based on the
uptake in unbuffered solutions at low Cd** and Zn**
concentrations, we estimated the effective diffusive
layer thickness at approximately 800 um for an
unstirred solution and approximately 300 um for a
stirred solution. However, at low transporter density,
the diffusive layer thickness to reach the observed
uptake flux would need to be smaller. Thus, our esti-
mate for the diffusive layer thickness takes into ac-
count both the physical boundary layer and the effect
of fractional surface coverage. The physical diffusive
layer thickness is likely to be smaller (Supplemental
Text S1).

Not only transporter density, but also other biotic
factors affect the uptake even when uptake is transport
limited. An increase in the active root surface, e.g. by
an increase in the root:shoot ratio or by development
of thinner roots or long root hairs, will increase the
diffusive flux, and has indeed been reported as a re-
sponse of plants to low availability of phosphorus (Ma
et al., 2001) or Zn (Dong et al., 1995). Root exudates
that increase the solution concentrations in the rhizo-
sphere will also increase the diffusion flux to the root
surface. For instance, Hoffland et al. (2006) found an
increase in root exudation of organic acids at low Zn
and phosphorus availability in soils.
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Based on the uptake in strongly buffered solutions,
we estimate that true K, values for Cd and Zn are in
the nanomolar order, ie. three orders of magnitude
smaller than the values determined in unbuffered so-
lutions. Similarly, Hacisalihoglu et al. (2001) reported a
much lower K, value for Zn uptake in buffered than in
unbulffered solutions. These authors interpreted this as
evidence of a second, high-affinity Zn transport system
that operates at low Zn** concentrations. However,
at a same Zn>" concentration, uptake is larger in buffered
than in unbuffered solutions (Fig. 2). Therefore, the
difference in uptake between both types of solutions
cannot be explained by different transport systems
being active in different concentration ranges. It seems
a far more plausible explanation that the uptake in the
unbuffered solutions was limited by diffusion, and the
experimentally determined K, value was therefore
biased by this diffusion limitation.

To further corroborate our findings about this bias in
K, values of Cd and Zn, published Michaelis constants
for plant uptake of Cd, Zn, and Ni were collated. Only
short-term uptake data for nonhyperaccumulating
plants in unbuffered solutions were considered (see
Supplemental Table S2). The maximal uptake flux,
which is mostly reported on a fresh root weight basis,
was converted to a surface area basis assuming a
specific root surface of 200 cm? per g root fresh weight.
As theratio F,,/K,.* (i.e. the slope of the uptake curve
at low concentrations) corresponds to the ratio D/é
under strong diffusion limitations, a positive correla-
tion between F,,, and K, * is to be expected (provided
the variation in 8 is small compared to the variation in
Fa) if Cd and Zn uptake is indeed diffusion limited

1000 -
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8=1mm
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Figure 7. Literature reported Michaelis constants determined in un-
buffered solutions (K *) versus the maximal uptake flux for uptake of
Cd, Zn, or Ni by different plant species. The lines show the expected
relation between F_, and K * if uptake is diffusion limited for an ef-

fective diffusive layer thickness of 1 or 0.1 mm (details in Supplemental
Table S2).
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in the low concentration range, as we postulate here.
Indeed, such a positive correlation was observed for
both Cd and Zn, and nearly all data fell within the
range for 6 values between 100 and 1,000 um (Fig. 7).
Differences in 6 values between studies and plant
species might be related to different agitation of the
solution during the plant uptake or to differences in
active root surface area or in surface density of the
transporters. For Ni, there was no positive correlation
between F_, and K, and the data generally fell in the
range for 8 values above 1,000 um, supporting our
hypothesis that plant uptake parameters for Ni deter-
mined in hydroponics are not, or only marginally, af-
fected by diffusion limitations.

The possible bias in K, values because of transport
limitations has been long recognized (Winne, 1973),
but has been largely overlooked in plant physiological
research. The experimentally determined K, for up-
take of solutes by plants is usually assumed to repre-
sent the affinity of the uptake system. Our results
strongly suggest that, at least for Cd and Zn, the ex-
perimentally determined K, is an indication of the
diffusion barrier rather than a transporter characteris-
tic. The theoretical framework we present is based on
multiple lines of indirect evidence and all our experi-
mental uptake data fit well within this framework. We
speculate that also for other ions than Cd and Zn,
diffusion limitations in uptake may prevail, even in
solutions. For instance, contribution of complexes to the
plant uptake has also been shown for Cu uptake by
plants (Bell et al., 1991; Degryse et al., 2006c). It is
therefore likely that K values determined for Cu up-
take in solutions may often also be biased by transport
limitations, as was discussed by Bravin et al. (2010).
Recently, we also provided evidence, in collaboration
with colleagues from Austria, that phosphorus uptake
by plants in solutions is also diffusion limited, resulting
in overestimates of the K, value (Santner et al., 2012).

MATERIALS AND METHODS

The data used in this study include the Cd uptake data reported by Degryse
et al. (2006a) and Cd and Ni uptake data reported by Degryse and Smolders
(2012), but most of the data has not been reported before. These data were
gathered over several years, but were determined using the same experi-
mental methods. We studied five plant species, but most data were gathered
for spinach (Spinacia oleracea), and the modeling is therefore based on the data
for spinach. A full overview of the uptake solutions and measured uptake for
spinach can be found in Supplemental Table S1.

Plant Cultivation

Seeds of spinach, tomato (Lycopersicon esculentum), rapeseed (Brassica
napus), wheat (Triticum aestivum), and Thlaspi caerulescens ‘Ganges’ (obtained
from Dr. Fang-Jie Zhao) were germinated for 5 d at 25°C between sheets of
germination paper continuously wetted with metal-free nutrient solution.
Seedlings were transferred to a Cd-free nutrient solution [composition in mm:
2 Ca(NOy),, 0.5 MgSO,, 1.2 KNO;, 0.1 KH,PO,; in um: 25 NaCl, 5 MnSO,, 15
H;BO;, 0.5 CuSO,, 0.07 (NH,):Mo,0,,, 1 ZnSO,, 10 FeNaEDTA]. The solutions
were buffered with 2 mm MES at pH 6. Plants were grown in a growth
chamber with 14/10-h day/night cycle, day/night temperature of 22°C/16°C,
and photosynthetic photon flux density of 400 wmol m* s, Plants were taken
from the nutrient solutions between 14 and 20 d after transplanting, for use in
the uptake experiments.
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Uptake Solutions

The uptake solutions had a basal composition of 2 mm Ca(NO;),, 15 um
H,;BO,, and 2 mm pH buffer (MES for pH 5 and 6; HEPES for pH 7). The
solutions were radiolabeled with '“Cd (approximately 10 kBq L"), ©*Zn (ap-
proximately 100 kBq L™?), or with ®Ni (approximately 200 kBq L"), and were
left to equilibrate overnight before the uptake experiment was carried out.

The solutions covered a range in pH (5-7), free ion concentration (10~ ~10"> m
for Cd and Zn, 107°-10~* m for Ni), degree of complexation (up to a complex to
free ion concentration ratio of 10° for Cd and Zn and up to a ratio of 100 for Ni),
and Ca and Mg concentration. For Cd, complexes with varying dissociation rate
constant were used (Degryse et al., 2006a). The free ion concentration in solu-
tions with metal complexes was calculated with GEOCHEM-PC (Parker et al.,
1995).

In one of the experiments, Chelex was used to buffer the Cd and Zn ac-
tivities in solution at a constant value (Checkai et al., 1987). The chelex resin
was first loaded with Ca, Cd, and Zn (at three different metal levels). Solutions
with 2 mm Ca(NOj,), and ligands (NTA or HEDTA) in different concentrations
were equilibrated with the resin for 2 d. The solution was separated from the
Chelex by filtration and total Cd and Zn concentrations were determined.
Using this buffering method has the advantage that the assumption of same
free metal concentration (for solutions buffered with the same Chelex resin)
does not rely on speciation calculations. The results of this experiment were in
good agreement with those of the other experiments.

For Ni, a lower degree of complexation was used than for Cd and Zn. A
very large degree of buffering was not practical for two reasons. The radio-
activity in the plant strongly decreased as the degree of buffering increased at
given radioactivity in solution, because the complexes had negligible contri-
bution to the uptake. To still have measurable *Ni activities in the plant, we
would have needed to use much larger radioactivity in solution at higher
degrees of buffering. Even more importantly, as the contribution of the
complexes was so small, it was essential to exactly know the free ion con-
centration in the solution for the interpretation of the results. The free ion
activity was therefore experimentally determined with Donnan dialysis in the
buffered solutions (Degryse and Smolders, 2012), and these experimental
values were used in the data analysis. At very high degrees of buffering, it is
much harder to obtain reliable measurements of free ion concentrations. As
our experimental results at lower degrees of buffering already pointed to Ni
uptake being (mostly) limited by internalization, we avoided the use of larger
degrees of buffering.

Uptake Experiments

The uptake experiments were carried out as described by Degryse and
Smolders (2012). Two or three plants were transferred to 1 L of the radiola-
beled uptake solution. At the end of the 4-h uptake period, the plants were
transferred to a solution with 10 mm Ca(NOj;), to remove cell wall bound
metal. This desorption step was carried out as these experiments were carried
out to obtain more insight in the uptake process, and therefore only absorbed
metal should be considered. Preliminary experiments showed that the amount
of adsorbed Cd was small (<5%) compared to absorbed Cd for our 4-h uptake
period. Shoots and roots were separated and weighed. The y-activity of 'Cd
or ®Zn was determined by counting shoots and roots separately in a y
counter (Minaxi 5530 auto-vy). The B-activity of ®Ni in shoots and roots was
determined with a liquid scintillation counter (Packard Tri-Carb 1600CA)
after acid extraction (10 mL of 5% HCI, 5 d equilibration). Preliminary ex-
periments showed that this method was effective at extracting nearly all
radioactivity from the seedlings. The amount of metal taken up by the plants
was calculated from the radioactivity in the plant and the specific activity
(radioactivity relative to stable concentration) of the solution. The root
weight based uptake flux was calculated by dividing the amount of metal
taken up by the root fresh weight and the uptake period (4 h). The surface area
based uptake flux was calculated from the ratio of the root weight based
uptake flux assuming a specific root surface of 200 cm? (g root fresh weight) ™.

The solutions were not stirred during the uptake, except for the treatments
where the effect of stirring was assessed (see Supplemental Table S1).

Model
The theoretical treatment of the effect of a diffusive boundary layer on active
transport has been presented by Winne (1973), and is shortly summarized

here. The diffusional flux in a medium without metal complexes, equals:
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F ==X (M] - [M]) @)

where F is the area based diffusion flux (nmol cm™2 s7%), § is the diffusion
layer thickness (cm), D is the diffusion coefficient (em?s™Y), and [M] and [M],
is the (free) metal ion concentration in the bulk solution and at the root surface
(um).

The active transport rate is given by the Michaelis-Menten equation:

M, .

F=Foao—5—
maXKm + [M]S

where F, . is the maximal uptake flux (nmol cm 2 s7") and K,, the (true) K.

In steady state, the diffusion rate flux equals the internalization flux.
Combining Equations 2 and 3 results in a quadratic equation in [M], of which
the positive root is:

Frax X8 Frax X8
M], =05 <— (K + 5= = [M]) + \/(Km + - M)? +4[M]Km)
4)
Substituting Equation 4 in Equation 2 yields:
D Frmax X0 Frmax X 8
F=505 (Km + M) - \/(Km +=E— M])? +4[M]Km) (5)

At low concentrations, in the linear part of the curve (Fig. 1), a simpler
equation can be derived (Winne, 1973):
_ MM
PePM=s T ST T ©
D Fmax Pdiff Pm

where Py is the diffusional permeability (cm s~ "), corresponding to D/8, and
P,, the membrane permeability (cm s '), corresponding to F, . /K,.. Thus, the
experimentally determined permeability P, i.e. the ratio of the uptake flux to
the free ion concentration in solution, results from a diffusion barrier in series
with a membrane barrier (1/P = 1/Pyy + 1/P,).

We further refined this model by taking into account the effect of labile
complexes on the diffusion flux (Eq. 2) and competition effects on the inter-
nalization flux (Eq. 3). The latter were taken into account by using a competitive
Michaelis-Menten equation (Slaveykova and Wilkinson, 2005), in which K |
was calculated as:

Km = 1/Ky + X (Ke.i/Ku[Ci]) (7)

where [C{] is the concentration of the competitive ion C; and K is the binding
constant for this competitive ion and Ky, is the binding constant of the metal
ion of interest. This metal-binding constant Ky, corresponds to the reciprocal of
the K, in a competition-less scenario.

To take into account the effect of buffering by complexes on the diffusion
flux, we made use of the reaction layer theory (Van Leeuwen et al., 2002;
Degryse et al., 2006c). Complexes dissociate within the diffusion layer, thus
increasing the supply of free ion. At a constant free ion concentration, com-
plexes enhance the diffusion flux, because they dissociate within the diffusion
layer and thus increase the supply of the free ion. The reaction layer is the zone
near the surface where the equilibrium between complex and free ion cannot
be maintained and there is a strong decrease in free ion concentration com-
pared to the bulk solution. The diffusion equation in presence of complexes
can be quantified as:

F =2 (M) - (M, ®
w
where w is the thickness of the reaction layer (cm). The thickness of the re-
action layer decreases with increasing dissociation rate of the complex and
increasing degree of buffering:

PN CITY

ke <ML ©

where k, is the first order rate dissociation constant (s™") and [ML] and [M]
are concentrations of complex and free ion. A competitive ligand exchange
method was used to measure the dissociation rate of the complex (Degryse
et al., 2006a).
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Equation 5 was used to predict the data, with K corrected for competition
effects (Eq. 7) and using u (Eq. 9) instead of & in solution with complexes (if u
< §). In unbuffered solutions, § was assumed to be 800 um for unstirred
solutions and 300 um for stirred solutions. A value of 5 X 107° cm? s™! was
used for the diffusion coefficient of Cd**, Zn**, and Ni**. The value of F, , was
taken from the fit of the Michaelis-Menten curves on the data shown in Fig-
ure 2.

Fitted parameters were the metal-binding constant K,,; and the binding
constants of the competitive ions (H* for Cd and Zn uptake, Mg** and H* for
Ni uptake). The parameters were optimized by minimizing the residual sum
of squared of the log-transformed uptake.

We did the modeling on the uptake data for spinach, since this dataset
was bigger than for tomato. However, the observed uptake was very similar
for spinach and tomato. Application of the model to the more limited
dataset for tomato resulted in very similar parameter values (Supplemental
Table S3).

As we found indications of passive uptake (Fig. 3), we also tested the model
with inclusion of a passive uptake component:

Fiotal = Factive + Fpassive = Factive + Ppas;sive>< [Mtot] (10)

with Fi,i. the passive uptake flux (nmol em™? 57", [M,,] the total metal
concentration in solution (um), and Py, the passive permeability coeffi-
cient (cm s™'). The active uptake was calculated as described above (Eq. 5,
using & for unbuffered solutions and u for buffered solutions). In this case,
both the binding parameters and P, were optimized by minimizing the
residual sum of squared of the log-transformed uptake (see Supplemental
Text S2).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Effect of pH on Zn uptake in unbuffered and
buffered solutions.

Supplemental Figure S2. Schematic representation of the effect of trans-
porter density.

Supplemental Figure S3. Predicted effect of transporter density on
diffusion-limited uptake.

Supplemental Table S1. Overview of all data used in the modeling.

Supplemental Table S2. Overview of literature-reported data used in
Figure 7.

Supplemental Table S3. Estimated binding constants for metal uptake by
tomato.

Supplemental Table S4. Model parameters for model with passive uptake
component (Eq. 10).

Supplemental Table S5. Estimated contribution of passive uptake.

Supplemental Text S1. Effect of transporter density on diffusion-limited
uptake.

Supplemental Text S2. Inclusion of passive uptake component in the
model.
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