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Environmental context. Zinc is an essential micronutrient for plants and many arid areas of the world have
zinc-deficient soils. The bioavailability of Zn to plants is influenced by diffusion limitations and complex lability
in the soil solution. To identify the relative importance of these two factors, we investigated the influence
of diffusion layer thickness on Zn uptake by wheat and by two bio-mimetic devices in the presence of
ethylenediaminetetraacetic acid and two natural ligands found in soil.

Abstract. Organic ligands can increase metal mobility in soils. The extent to which this can contribute to plant metal
uptake depends among others, on complex lability and diffusion limitations in solute transfer from the soil solution to root

uptake sites.We investigated the influence of diffusion layer thickness on zinc uptake bywheat seedlings in the presence of
ethylenediaminetetraacetic acid (EDTA), citrate and histidine with similar free Zn bymeasuring 65Zn uptake from stirred,
non-stirred and agar-containing solutions. Analogous experiments were performed using permeation liquid membranes

(PLM) and ‘diffusive gradients in thin films’ (DGT) probes as bio-mimetic devices. In treatments with low EDTA
concentrations (,2mM) or ligand-free Zn solution, increasing diffusion layer thickness reduced Zn fluxes into roots to a
similar extent as into PLM and DGT probes, indicating reduced uptake attributable to diffusion limitation. In the citrate

treatments root Zn influxwas similar to EDTA treatments under stirred conditions, but increasing diffusion layer thickness
did not affect Zn uptake. This suggests complex dissociation compensated for reduced Zn2þ diffusion and that the entire
complexes were not taken up. The Zn root influxes in the histidine treatments were found to be on average by a factor of
2.5 higher than in the citrate treatments and they also showed no decrease in non-stirred and agar treatments. Dissociation

kinetics inferred from PLMmeasurements explained a large part, although not all, of the increased Zn uptake by the plants
in the presence of histidine. The differencemay be a result of the uptake of neutral or positive Zn–histidine complexes. The
results of this study confirm that labile complexes can contribute to Zn uptake by wheat either through diffusion limitation

and complex dissociation or through uptake of entire complexes, depending on the nature of the ligands.

Additional keywords: citrate, diffusive gradients in thin films, EDTA, ethylenediaminetetraacetic acid, histidine,

permeation liquid membranes, Zn-bioavailability.

Received 7 June 2013, accepted 30 October 2013, published online 13 February 2014

Introduction

Zinc is an essential trace metal for plant nutrition. From the
total amount of Zn stored in soils usually only a small fraction

is available to plants, making Zn a limiting factor for plant
growth.[1] The bioavailability of trace elements in the soil
solution depends on their chemical speciation, in particular the

formation of complexes with dissolved organic ligands. If the
supply of free metal to the roots limits the uptake rate, then
the dissociation of complexes may add substantially to its

uptake,[2] and this contribution is expected to increase with the
lability of the complexes.[3,4] On the other hand, the uptake of
intact complexes may also contribute to the uptake of metals by

plants as found not only for liposoluble[5] but also for uncharged
water-soluble complexes.[6] Apart from the chemical nature
of the complexes, their physiological role also needs to be

considered in this context, as the uptake of Fe and Zn phytosi-
derophore complexes by grasses illustrates.[7] Different factors
may be rate limiting for different metals. Degryse et al.[8] found

that metal diffusion in solution limited Zn and Cd uptake,
whereas root internalisation was the limiting step in Ni uptake
by spinach and tomato from solutions buffered with nitri-

lotriacetic acid (NTA). The same effects were also found for
Thlaspi arvense in soils.[9]

Citrate and histidine are two ligands that play important

physiological roles in Zn transport and storage in plants.[10,11]

Both ligands are selectively taken up by higher plants[6] and
were found to increase Zn uptake by wheat from hydroponic

nutrient solutions compared to ethylenediaminetetraacetic acid
(EDTA) treatments with the same free and the same total Zn
concentrations.[12] EDTA is a very strong ligand for Zn, often
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used as a ligand to buffer Zn2þ concentrations in solution as its

complexes are expected to contribute only a very small extent to
Zn uptake.[12–14] Interestingly, histidine increased Zn uptake
,3 times more than citrate, although histidine has a higher

binding strength for Zn than citrate. An important difference
between Zn complexes with citrate and histidine is that citrate
complexes are negatively charged at neutral pH, whereas histi-
dine complexes are mainly neutral and to a minor extent even

positively charged at pH 7, according to thermodynamic speci-
ation calculations (using MINEQL). Although suggesting that
uptake of intact neutral or positively charged Zn complexes may

have contributed to the larger histidine effect, these experiments
did not exclude a contribution of complex dissociation assuming
that Zn uptake was limited by the rate of Zn supply to the uptake

sites.[12] For the common mussel Mytilus edulis direct uptake
of positively charged Zn–histidine complexes has already been
suggested by Vercauteren and Blust.[15]

To mimic bioavailable fractions in solutions or soils and to

study effects of diffusion limitation on metal uptake by plants,
experimental methods such as ‘diffusive gradients in thin films’
(DGT) or the ‘permeation liquid membrane’ (PLM) technique

may be helpful.[16–18] DGT has often been used to predict metal
bioavailability in soils for microorganisms and plants.[2,18,19]

However, as small organic complexes can enter the diffusive

gel, depending on the pore size,[20] the bioavailable fraction
may be overestimated if the complexes are not inert. In addition,
if plant uptake mechanisms and not diffusion in the solution

are limiting the metal influx, labile complexes are not expec-
ted to contribute to the root influx; in DGT measurements
however, these complexes dissociate and may overestimate
the root influx.[21]

PLM can be used as bio-mimetic membranes, as they are
lipophilic and ion transfer requires binding to a carrier molecule
(e.g. Kryptofix 22DD and lauric acid). The trans-membrane flux

of a tracemetal such as Zn is proportional to the concentration of
the free ions plus a fraction of the metal complexes in the source
solution that depends on the characteristics of the complexes

and the specific conditions of the measurement.[22] Complexes
passing through the membrane also contribute to PLM-
measured metal concentrations. Apart from trans-membrane
transport of lipophilic complexes,[23] transport of positively

charged complexes is also likely.[24] The important feature of
PLM measurements is that the limiting processes are in many
respects analogous to those governing metal uptake by living

cells.[5,12] PLM has been tested as a sensor for bioavailable
cadmium, copper, nickel and lead to microalgae.[25–28] In these
studies metal uptake depended on the free metal ion concentra-

tion. Recently, however, Aristilde et al.[29] and Xu et al.[30]

found that complexes with selected ligands (cysteine, desfer-
rioxamine-B, gluthation, histidine and phytochelatin 2) also

contributed to Zn and Cd uptake by phytoplankton. They
hypothesised that the complexes enhanced the uptake either
by complex dissociation at the cell membranes as a consequence
of diffusion limitations of the free metals or – more likely –

through the formation of transient ternary complexes with bio-
ligands at the uptake sites. Metal uptake by PLM has not yet
been compared to metal uptake by roots, although this may give

valuable insights into the role of diffusion limitations and the
contribution of metal complexes in metal uptake by higher
plants in a similar manner as seen for algae.

The objectives of this study were to investigate the role of
diffusion limitation in Zn uptake by wheat from solutions
containing organic ligands forming complexes with Zn of

different binding strength and charge. For this purpose Zn influx
into wheat roots was investigated in hydroponics in the presence
of citrate, histidine or the strong synthetic ligand EDTA, under

stirred and non-stirred conditions and from agar containing
nutrient solutions (Fig. 1a). The results were compared to
analogous experiments performed with DGT (Fig. 1b) and

PLM (Fig. 1c) devices as metal receptors instead of roots.
Hydroponics are simple systems with fewer factors influencing
metal uptake by plants compared to conventional soil cultures.

Although they may neglect some factors influencing metal
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Fig. 1. Theoretical schemes of possible Zn fluxes into roots (a), DGT (b)

and hollow fibre permeation liquid membranes (HF-PLM) (c) in the

presence of ligandsL. (a) Free Zn is taken up by roots by specific transporters

(i), ZnL may pass through the membrane undissociated (ii), diffusion

limitations and subsequent complex dissociations may contribute to the free

Zn flux (iii) and ternary complexes with transporters may play a role (iv).[29]

(b) Free Zn diffuses through the DGT gel and is bound by the resin gel (i)

some, especially the large complexes contribute to the free Zn flux by

dissociation caused by diffusion limitations at the diffusive gel surface (ii)

and small complexes pass through the diffusive gel to the resin gel, where

they dissociate to some extent depending on the complex stability (iii).[33]

(c) In PLM, free Zn is transported across themembrane into the strip solution

containing a strong ligand by a transporter molecule T (i), a contribution of

complexed Zn occurs if free Zn diffusion in the solution is limiting and

complexes dissociate (ii) or if positively charged complexes ZnLxþ form

ternary complexes with the transporter molecules T (iii).[24]
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uptake in soils, studies with hydroponics enable investigation of
the different effects of single ligands and the effects of diffusion

limitations onmetal uptake in muchmore detail than it would be
possible in a complex soil system. The knowledge about specific
mechanisms influencing plant uptake contributes to a better

understanding of processes also occurring in soil systems.

Experimental

Experimental treatments

The same experimental solutions were used in the plant, DGT

and PLM experiments (Table 1). Each experiment was carried
out applying three different treatments that changed the diffu-
sive layer thickness (d): stirred (0.09m s�1, always measured at

10 cm from the top, at the edge of the container with a radius of
4 cm and a total height of 20 cm (MiniAir 2, Schiltknecht,
Gossau, Switzerland)), non-stirred and non-stirred after addition

of extra pure agar (0.15%) to the experimental solution (Merck).
The agar solutions were heated to 90 8C before the other
ingredientswere added. The agar concentrationwas chosen such

that the solution was at room temperature still liquid enough
to immerse the roots without difficulty. For the experimental
treatments, the plant roots, PLM and DGT devices were
immersed in 1 L of the experimental solution in opaque dark

plastic containers to prevent photodegradation of the ligands.

Plant experiment

Plant cultivation

Seeds of the wheat cultivar ‘Back Cross (BC) Rushan’ were

used (Seed and Plant Improvement Institute (SPII), Karaj,
Iran[31]). The plants were germinated on filter paper for 5 days
and then hydroponically grown for three weeks in a greenhouse
at a 24–14 8C day–night cycle with 16 h of light per day. A 20%

Hoagland nutrient solution (800mMCa(NO3)2, 1000mMKNO3,
400mM MgSO4, 200mM KH2PO4, 40mM NaCl, 20 mM
Fe(NO3)3, 20 mM H3BO3, 4mM MnSO4, 0.4mM Cu(NO3)2,

0.2 mM Na2MoO4 and 0.2 mM ZnSO4) was used, buffered with
2.5mM 3-(N-morpholino)propanesulfonic acid (MOPS) and
adjusted with 1M NaOH to a pH between 6.5 and 6.9. During

the whole growth period, the solutions were well aerated. All
treatments were carried out in three replicates, with four plants
per replicate container.

Pre-experimental treatment

Prior to the experiment, the plants were washed for 10min in
ultrapure water and kept for 5 h in a pre-treatment solution

consisting of 500mM KNO3, 400mM Ca(NO3)2 and 2.5mM

MOPS at a pH of 7.2 (adjusted with 1M NaOH). MOPS buffer

was used in all experimental solutions, because it has no
influence on the chemical speciation in the solution.[32]

Experimental treatment

All experimental solutions consisted of a background solu-

tion of 500mMKNO3, 400mMCa(NO3)2 and 2.5mMMOPS at
a pH of 7.2 (adjusted with 1M NaOH) and total Zn concentra-
tions ([Zn]tot) of either 2 or 20mM.The concentrations of citrate,

L-histidine and EDTA required to reach a free Zn concentration
([Zn2þ]) of 50 nM with each of these ligands were calculated
using MINEQL (Table 1). The solutions were prepared 12 h

before the experiment was started. All treatment solutions were
labelled with 5.4 mCi L�1 using 65ZnCl2 (Los Alamos National
Laboratory, Los Alamos, NM, USA). The labelling was added
2 h before the start of the experiment. Plants were exposed to the

treatments for 6 h.

Post-experimental treatment

After the experimental treatments, the plants were washed
for 30 s with ice-cold ultrapure water, immersed for 15min in an
ice-cold desorption bath (background solution plus 100mM
ZnSO4) to replace

65Zn adsorbed at the root surface, and washed
again for 30 s in ice-cold ultrapure water (adapted from Hart
et al.[13] and Panfili et al.[4]). It can be assumed that Zn uptake

stopped when the plants were immersed into the ice-cold water,
since Hacisalihoglou et al.[14] found that Zn uptake by wheat
was negligible from solutions at 2 8C compared to uptake from

the same solutions at 23 8C. After the washing procedure, the
plants were cut, dried for 5 days at 60 8C and weighed.

65Zn in nutrient solution and plant samples

Root, shoot, experimental solution (at the beginning and at
the end of the experiment) and desorption solution samples were
analysed for 65Zn using g-spectrometry (high purity germanium

detectors, ORTEC, Oak Ridge, TN, USA, with adjusted calibra-
tion for the geometry of the plant and liquid samples). The
absolute Zn uptake into the plants during the exposure time was

calculated based on the labelled fraction of the total Zn in the
nutrient solution and the 65Zn concentration in the plant. The
actual fluxes were then calculated by dividing the respective

increases in whole-plant contents of Zn during exposure to the
experimental solutions by dry root biomass and time of incuba-
tion. Fluxes into shoots were calculated by dividing the amount

of Zn accumulated in the shoots during exposure by dry shoot
biomass and time. The Zn adsorption to the root surface was
calculated based on the amount of labelled Zn found in the
desorption solution, divided by the root biomass.

Total Zn analysis

Root and shoot samples not exposed to radio-labelled solu-

tions (samples grown under the same conditions as the exp-
erimental plants, but harvested just before exposure to the
radio-labelled solutions) were ground and digested in 15mL

of 69% HNO3 in a heating block at 120 8C. Total Zn concen-
trations of these samples and of the experimental solutions
were measured using inductively coupled plasma–optical emis-
sion spectroscopy (ICP-OES, Vista-MPX, Varian, Melbourne,

Vic., Australia).

DGT experiment

Loaded DGT deployment units (3.14-cm2 window, 0.4-mm
Chelex gel, 0.78-mm open pore diffusive gel) were provided by

Table 1. Ligand treatments for plant, diffusive gradients in thin films

and permeation liquid membranes experiments

Potassium-citrate, L-histidine and ethylenediaminetetraacetic acid (EDTA)

were used. In all treatments the background solution contained: 500mM
KNO3, 400mM Ca(NO3)2 and 2.5mM 3-(N-morpholino)propanesulfonic

acid (MOPS) at a pH of 7.2. [Zn2þ] was calculated using MINEQL. All

treatments were carried out under three conditions: stirred (0.09m s�1), non-

stirred and extra pure agar (0.15%). Dissociation rate constant (kd) values

were determined according to Table S1 and Fig. S1

Parameter Citrate Histidine EDTA

high

EDTA

low

No

ligand

[Zn]tot (mM) 20 20 20 2 2

Total ligand (mM) 1450 1300 20.2 1.98 –

[Zn2þ] (mM) 0.05 0.05 0.044 0.044 2

log kd Zn–ligand (s
�1) ��1.75 ��1.75 �4.32 �4.32 �1.75

Diffusion limitation of zinc fluxes into wheat, PLM and DGT
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DGT Research Ltd (Lancaster, UK). DGT experiments were

carried out in a climate chamber at a constant temperature of
24 8C. DGT devices were exposed to the experimental solutions
given in Table 1 for 24 h. After exposure, the binding gels were

washed with ultrapure water, separated from the devices and
soaked in 1M ultrapure HNO3 for 24 h. The experimental
solutions and the extracts were analysed for Zn using induc-
tively coupled plasma–mass spectrometry (ICP-MS, ICP-MS-

920, Varian). Each treatment was performed in three replicates.
The DGT available concentration (CDGT) was calculated
according to the DGT research manual.[33]

PLM experiment

Hollow fibre PLM (HF-PLM) experiments were set up in the
same way as described by Gramlich et al.[24] using a carrier
concentration of 0.05M lauric acid (LA) and 0.1M Kryptofix

22DD in the organic membrane (1/1, v/v, toluene/hexylbenzene
mixture) and PLM membranes of 31-cm length. After 2-h expo-
sure of the PLMmembranes to the treatment solutions (Table 1),

the Zn concentrations of the strip solutions were measured using
ICP-OES (Vista-MPX, Varian). In the experiments with histi-
dine, additional PLM experiments were performed in which the

stirring speed was varied over 5 levels from 0 to 0.09m s�1.
Again, each treatment was performed at least in triplicate.

Speciation calculations

The program MINEQL (version 4.6, Environmental Research

Software, Hallowell, Maine, US) was used for chemical speci-
ation calculations. Values for Zn complex stability and organic

ligand deprotonation constants were taken from the National

Institute of Standards and Technology (NIST) database[34] and
adjusted to zero ionic strength using the Davies equation.[35]

Statistical treatment of the data

The normality of data distributions was tested separately for
each experiment using the Shapiro–Wilk Normality Test. If
necessary the data were log-transformed. Treatment effects

were analysed by one-way analysis of variance (ANOVA).
Significant differences between treatments were determined by
pairwise t-tests (two tailed, P-value adjustment method: holm).

All statistical analyses were performed using the software
package ‘R’, version 2.9.2.[36] If not otherwise stated, effects
were considered significant for P# 0.05.

Results

Plant experiments

The eight plant samples not exposed to radioactivity contained
total Zn concentrations of 54� 4mg kg�1 in the root biomass
and 49� 4mg kg�1 Zn in the shoot biomass, indicating a suf-

ficient level of Zn nutrition. In the absence of organic ligands,
Zn fluxes into the roots decreased by a factor of 1.6 from the
stirred to the non-stirred and by a factor of 4.4 from the stirred to
the agar treatment (Fig. 2a). Similar relative effects were found

in the two EDTA treatments, except for a relatively high Zn root
influx in the agar treatment with a high concentration of
Zn–EDTA complexes. Despite the same nominal [Zn2þ] in the

two EDTA treatments, Zn fluxes into the roots were always
larger (1.5–3 times) when Zn–EDTA complexes were supplied
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(d) ([Zn]tot histidine/citrate¼ 20 mM, [Zn2þ]histidine/citrate¼ 50 nM). Error bars represent s.e.

A. Gramlich et al.

44



at the higher concentration, although the difference was statis-
tically significant only in the agar treatment.

Systematically higher Zn fluxes into the roots were observed
in the presence of the weaker ligands citrate and histidine

compared to the two EDTA treatments (Martell et al.[34] esti-
mated dissociation rate constants (kd) in Table S1 and Fig. S1 of
the Supplementary material). For both citrate and histidine

treatments no significant effects of stirred, non-stirred or agar
on the Zn flux into the roots were observed (Fig. 2c). In the case
of citrate, the increase was significant compared to both EDTA

non-stirred treatments and to theEDTA lowagar treatments. The
Zn fluxes in the presence of histidine were significantly higher
for all treatments than in the presence of EDTA and citrate.

Overall, the accumulation of Zn in the shoots was similarly

affected by the treatments as that in the roots. (Fig. 2b,d). In agar,
however, root-to-shoot translocation was reduced compared to
the stirred and non-stirred solutions in all ligand treatments. This

was also the case in the citrate and histidine treatments, in
which we found no reduction in root influx. The flux reduction
attributable to agar is already clearly evident in Fig. 2 for the

citrate and histidine treatments and can be seen even more
clearly in Table S3, Supplementary material, where root-
to-shoot translocation factors (65Zn activity in shootsC
(65Zn activity in shootsþ 65Zn activity in roots)) are shown.
Fig. S2, however, shows shoot Zn accumulation was more
reduced by agar than root influx in the treatments with EDTA
and no ligands. The relationship between Zn fluxes into roots

(Jroots) and shoots (Jshoots) was not linear, but rather followed a
Michaelis–Menten type kinetics, as given in Eqn 1:

Jshoots ¼ VmaxJroots

Km þ Jroots
ð1Þ

where Vmax is the maximal rate of shoot Zn accumulation and
Km is the Zn flux into the roots at half of this maximum rate.

Although Km was the same for treatments with and without agar
(286� 62 nmol g�1 dry weight (DW) h�1), Vmax was twice as
high in the stirred and non-stirred treatments (37� 3 nmol g�1

DWh�1) than in the agar treatment. In other words, there was a
constant ratio between shoot Zn accumulation in the treatments
with agar (Jshoots–agar) to those without agar for a given Zn flux

into the roots, described by Jshoots–agar¼ Jshoots–water� 0.49�
0.03. Zn uptake (i.e. absorption), however, correlated overall
linearly with Zn adsorption to the root surface, with the absorp-
tion rate being 4.7 times the adsorption rate (R2¼ 0.73) (Fig. S3).

DGT experiment

The Zn fluxes into the DGT devices decreased with similar
ratios from the stirred to the non-stirred to the agar treatment as
the fluxes into the roots in the absence of ligands or presence of

Zn–EDTA complexes (Figs 3a, 4a–c). In a similar manner as for
root uptake, Zn fluxes into DGT were larger when more
Zn–EDTA complexes were present (Fig. 3a), but the difference

was larger than in the plant experiments and significant for
stirred, non-stirred and agar treatments. The DGT-measured
available Zn concentration (CDGT) in the presence of EDTAwas

on average 4 times higher than the nominal [Zn2þ] in the EDTA
low treatment and 16 times higher in the EDTA high treatment
under stirred conditions (Table S2).

In contrast to the Zn fluxes into the roots, the stirred, non-

stirred and agar treatments had similar relative effects on DGT
Zn fluxes in the presence of citrate and histidine complexes as in
the absence of ligands or in the presence of EDTA (Fig. 3a,b). In

further contrast to the plant experiment, the citrate and histidine
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treatments resulted in much larger DGT Zn fluxes under stirred
conditions than the treatment with no ligands. Comparing

respective CDGT and [Zn]tot in the citrate and histidine treat-
ments shows 76 and 88% of [Zn]tot were DGT-available under
stirred conditions. Although the absolute fluxes into the DGT

devices correlated closely with plant uptake when no ligands or
just Zn–EDTA complexes were added, independent of stirred,
non-stirred or agar treatment, no such correlation was found for
the citrate and histidine treatments (Fig. 5a). Using the

relationship determined from the other treatments, DGT fluxes
would in general greatly over predict Zn uptake by the plants.

PLM experiment

The non-stirred and agar treatments in the absence of ligands or

in the presence of Zn–EDTA complexes produced very similar
effects as in the plant and DGT experiments (Figs 3c, 4a–c).
Compared to the treatments with no ligands, however, PLM Zn
fluxes in the EDTA treatments were more reduced than those
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into roots and DGT devices (Figs 2a, 3a,c). Again, Zn fluxes
were significantly higher in the treatments with high rather

than low Zn–EDTA complex concentrations, despite the same
nominal free Zn concentration. As for the DGT Zn fluxes, there
was a close common log–log relationship between the Zn

fluxes into PLM and into the roots in the no ligand and EDTA
treatments (Fig. 5b).

In the stirred treatmentswith citrate andhistidine, thePLMZn

fluxes were significantly higher than in the EDTA low treatment
and of similar magnitude as in the EDTA high treatment. In
contrast to the no ligand and EDTA treatments, PLM Zn fluxes

significantly increased going from stirred to non-stirred and agar
conditions in the citrate and histidine treatments (Fig. 3d). This is
also the opposite to what was observed for the DGT Zn fluxes
(Fig. 3b), whereas the effects of non-stirred and agar application

(relative to the stirred treatment) on root uptake of Zn in the
presence of citrate or histidine were in between those of PLM
and DGT fluxes (Fig. 4d). The additional PLM experiment with

different stirring rates confirmed the finding of lower PLM Zn
fluxes with stirring thanwith no stirring, giving a smooth inverse
relationship between stirring speed and PLM Zn flux (Fig. 6).

The PLM Zn fluxes were higher under non-stirred and agar
conditions in the histidine than in the citrate treatments, but not

significantly different under stirred conditions. This means that
the absence of stirring and the application of agar enhanced the
PLM Zn flux much more in the presence of Zn histidine than in

the presence of Zn–citrate complexes (Fig. 3d). The effects of
these treatmentswere alsomuch stronger on PLMZn fluxes than
on root Zn uptake in the presence of histidine (Fig. 4e).

Comparing conditions yielding the same PLM fluxes, plant Zn
uptake was 2 times higher in the presence of citrate and 3–4
times higher in the presence of histidine than predicted for the no
ligand and EDTA treatments (Fig. 5b).

Discussion

Zn fluxes into plant roots, DGT and PLM in the absence
of ligands and in the presence of EDTA

In the absence of organic ligands, Zn influx into roots was
reduced to 63% in the non-stirred and to 23% in the agar
treatment compared to the stirred treatment. This reduction

suggests that the flux was limited by Zn diffusion in the solution
and not by plant uptake kinetics under the conditions of our
experiments, in agreement with the findings of Degryse et al.[8]

for Zn uptake by spinach and tomato. In a previous study,
Degryse et al.[18] estimated the diffusion layer thickness (dstirred)
at the root surface of spinach and wheat to be 0.35mm in stirred
solutions. Assuming that [Zn2þ] at the root surface was negli-

gible compared to that of the bulk solution and assuming fur-
thermore that the difference in [Zn2þ] between the bulk soil
solution and root surfaces was the same in all treatments,

dwould be expected to be inversely proportional to the diffusive
root influx according to Fick’s law.[18] dnon-stirred would there-
fore equal dstirredC 0.63¼ 0.56mm (calculations of Degryse

et al.[18] resulted in a dnon-stirred of 0.6mm). dagar is consequently
estimated to be 1.5mm.

The hypothesis that Zn uptake by the roots was limited by

reduced Zn diffusion in the solution because of increased
diffusion layer thickness in the non-stirred and agar treatments
is further supported by the fact that DGT and PLM fluxes were
reduced to a similar degree as plant influx by the same treat-

ments (Fig. 4a). The much lower Zn fluxes in the EDTA
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treatments are in line with the common notion that Zn uptake by

plants is dominated by [Zn2þ] and that Zn–EDTA com-
plexes were too stable to make a substantial contribution to it.
However, the fact that higher Zn fluxeswere observed in all three

systems for the higher concentration of Zn–EDTA complexes at
the same nominal [Zn2þ] indicates that some complex dissocia-
tion may have occurred, contributing a measurable, although
small flux to the uptake (or binding) sites of the experimental

receptors. As the results of the high EDTA concentration
treatments were in all three systems greater than in the low
EDTA concentration treatment, it is unlikely that an experi-

mental error caused the differences we found. It is also unlikely
that it was attributable to cell membrane disruption by EDTA, as
the EDTA concentrations applied here were too low to cause

such an artefact according to the work of other authors.[37,38]

The results are in agreement with the findings of Degryse
et al.,[21] who found that DGT fluxes positively correlated with
plant uptake and, although not being proportional to the pre-

dicted free Cd concentration, were inversely related to complex
stability in the presence of the synthetic ligands trans-1,
2-cyclohexandiaminetetraacetic acid (CDTA), ethylene glycol

tetraacetic acid (EGTA), (hydroxyethyl)ethylenediaminetriace-
tic acid (HEDTA) andNTA.Thismeans thatDGT can be used to
give estimations of the bioavailable metal fractions in chelate-

buffered solutions as long as the complexes are stable
enough.[21] Our results show that the same is also valid for the
PLM method. The fact that log–log regression gave better

descriptions of the relationships between root Zn uptake and
the fluxes into the two bio-mimetic devices than ordinary linear
regression indicates that plant uptake was governed by kinetics
with influx saturation at high Zn concentrations in solution.

Zn fluxes into plant roots, DGT and PLM in the presence
of citrate and histidine

In contrast to the experiments with EDTA or no ligands, there
were large differences between the plant and the DGT system in
their responses to the experimental treatments when citrate or

histidinewas added. The findings thatCDGTwas close to [Zn]tot in
the bulk solution under stirred conditions in the presence of
citrate and histidine and that the DGT Zn fluxes were affected in
the same way by the change in diffusive layer thickness as in

the absence of ligands, indicates that diffusion was the limiting
process. It also indicates that there was little kinetic limitation in
complex dissociation in the diffusive layer at the resin surface

because of the high binding strength of the resin (Fig. 1b(iii)).
Apart from the kinetic limitation in complex dissociation, a rea-
son for the small differences between CDGT and [Zn]tot may also

have been that diffusion of the Zn–ligand complexes was slower
than the diffusion of the free Zn ions within the diffusive gel.

In contrast to the DGT experiments, increasing the diffusion

layer thickness by omission of stirring or adding agar did not
decrease Zn fluxes into the roots in the plant experiment in the
presence of citrate and even increased them in the PLM experi-
ment. An important difference between these systems is that for

Zn the DGT resin represents an essentially infinite and instanta-
neous sink, where virtually all citrate and histidine complexes
dissociate, whereas there is a membrane-transfer step in the

plant and PLM systems, which partially limits the Zn uptake
rate. This partial limitation of trans-membrane transport pro-
vides an explanation as to why the slower diffusion in the less

mixed systems did not result in reduced Zn fluxes into PLM and
into roots (Figs 2c, 3d). It shows that in plant and PLM systems
complex dissociation kinetics were more relevant than diffusion

limitations of [Zn]tot. Such partialmembrane transfer limitations

had already been observed in a previous study, where Zn fluxes
into wheat roots from solutions containing citrate were found to
be much lower than the fluxes from solutions with the same

[Zn]tot, but no ligands, under otherwise similar conditions.[12]

The fact that the differences in Zn fluxes between EDTA
and citrate treatments increased when the solutions were less
mixed indicates that dissociation of Zn–citrate complexes con-

tributed substantially to plant Zn uptake under conditions with
no mixing, but much less so when the diffusion layer was
reduced (Figs 2a,c, 3c,d). It implies that trans-membrane trans-

fer was more limiting than free Zn diffusion under stirred
conditions, however, the less the systems were mixed, the more
diffusion and complex dissociation became rate limiting. Trans-

membrane transfer of negatively charged complexes can be
excluded in the PLM system.[25,39,40] The similarity of the
stirred, non-stirred and agar treatment effects on the Zn fluxes
in the presence of Zn–citrate complexes in the plant and the PLM

systems thus suggests that for these effects to occur there was no
requirement of uptake of undissociated complexes (Fig. 4d).

Although the relative effects of the stirred, non-stirred and

agar treatments were similar on Zn influx into roots and PLMZn
flux, the relationship between absolute root Zn and PLM Zn
flux in the presence of citrate was enhanced compared to the

respective relationship in the presence of EDTA or no ligands
(Fig. 5b(ii)). A possible explanation for this difference may be
that the root apoplast represents a diffusional barrier that comes

in addition to the stagnant boundary layer between the bulk
solution and root surface, which cannot be reduced by stirring,
similar to the diffusive gel layer in theDGT system.As discussed
before, reduced diffusion would have made the contribution of

complex dissociation to Zn fluxes more important and increased
the contribution of labile complexes more than that of stabile
complexes. Another difference between PLM and plant roots is

that additional ligands exuded by the roots may have been
present in the plant experiments. Their effect, however, was
probably negligible in this short-term experiment in comparison

to the high concentrations of externally applied ligands.
Similar reasoning as for the influence of citrate on the Zn

fluxes into plant and PLM systems should also apply for
histidine. However, in the presence of histidine the Zn fluxes

into plant roots and PLMwere even larger than in the presence of
citrate (Fig. 2c), and PLM Zn fluxes showed a much stronger
increase with reduced stirring than in the respective citrate

treatments (Fig. 6), even though Zn–histidine complexes
have higher stability constants than Zn–citrate complexes.[22,34]

The higher Zn fluxes could still be explained by complex

dissociation of Zn–histidine complexes, if we assume that the
dissociation rate of Zn–histidine complexes was higher than that
of Zn–citrate complexes despite the higher stability constant.[3]

Unfortunately, we found no published values of the dissociation
rate constants for Zn–histidine and Zn–citrate complexes under
similar conditions, and attempts to test this assumption experi-
mentally failed because both dissociation reactions were too fast

(Table S1 and Fig. S1 of the Supplementary material).
A high kd of Zn–histidine complexes alone would not be

sufficient, however, to explain the observed increase in PLMZn

fluxes with reduced stirring. In addition a change in chemical
equilibrium in the diffusion layer at the PLM surface would be
required to actually increase Zn fluxes with reduced mixing and

not just to buffer them by compensatory complex dissociation.
For a decrease in total Zn flux from stirred to non-stirred
treatments by 36% (average decrease in Zn PLM fluxes in
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EDTA and no ligand treatments) we calculated a free Zn

concentration at the PLM surface that is higher by ,40% than
the one in the bulk solution, assuming that the concentration of
histidine would decrease by the same degree. This is a reason-

able assumption as the diffusion coefficients of histidine and Zn
are very similar.[41] Although such a change in equilibrium
conditions may explain a substantial fraction of the increase in
PLM Zn fluxes with reduced stirring rate, it is not sufficient to

explain it completely.
Another possibility to explain the high Zn fluxes in the

presence of histidine is that the increased fluxes into plant roots

in comparison to the citrate treatments were attributable to
uptake of intact neutral or positively charged Zn–histidine
complexes (80% of the complexes are neutral and 20% were

positively charged). Neutral complexes may enter plant cells
through aquaporines or specific transporters for the free
ligands.[6,42,43] Positively charged complexes have been found
to enhance metal uptake by the formation of ternary complexes

with bio-ligands at the membrane uptake sites.[29] Also in the
PLM system it may be possible that direct contribution of
positively charged complexes occurs, as they may form ternary

complexes with the carrier molecules (Fig. 1c(iii)). These
ternary complexes may also partially explain the increased Zn
flux we found in the agar solution (Fig. 6), as their formation

may be hindered to some extent under stirred conditions.
In a previous study, over a large concentration range, a

systematically enhanced flux was measured compared to the

calculated [Zn2þ] in the presence of histidine and based on that it
was assumed that a fraction of the positively charged Zn–
histidine complexes influenced the result.[24] Uptake of intact
complexes by plants may also explain why histidine caused a

larger deviation than citrate between measured Zn fluxes into
plants and predictions based on the relationship between root
and PLM Zn fluxes in the EDTA and no ligand treatments

(Fig. 5b(i)), whereas it cannot be excluded on the other hand that
faster complex dissociation was at least partially responsible
also for this difference between histidine and citrate treatments.

The overall ligand concentrations applied in this study were
higher than the concentrations normally observed in soil solu-
tions.[44,45] However, the idea of this study was to test the role of
diffusion limitation, complex dissociation and intact complex

uptake on Zn uptake by plants and to use citrate and histidine as
examples of many other carboxylic and amino acids. For this
purpose a large part of the Zn needed to be complexed, so rather

high ligand concentrations were needed.

Root-to-shoot translocation of Zn in stirred,
non-stirred and agar treatments

Even though no significant differences were found in root

uptake of Zn between the stirred, non-stirred and agar treat-
ments when citrate and histidine were present, root-to-shoot
translocation in all ligand treatments was reduced by the agar
(Figs 2d, S2). Although the agar probably reduced the transpi-

rational water stream to and through the plants due to increased
resistance to flow, this should not have substantially affected
root-to-shoot translocation of Zn if the limiting step in Zn uptake

was diffusion to or cellular uptake in the roots. The fact that Zn
root-to-shoot translocation followed Michaelis–Menten-type
kinetics suggests that it was governed by an enzymatic reaction.

Similar saturation effects in Zn root-to-shoot translocation have
also been found by Kalis et al.[46] The agar treatment did not
change the type of this relationship but just decreased the

maximum rate by half, whichwould be expected if small units of

agarose polymers would somehow block access to half of the
uptake sites and thus not only reduce diffusion in the rhizosphere
but also the rate-limiting uptake capacity in the roots.

Conclusions

In treatments with no ligands or EDTA, diffusion of [Zn2þ] was
mainly limiting for Zn uptake by wheat and the fluxes could be
well described by DGT and PLM measurements. The lack of a
decrease in Zn root influx in the non-stirred and agar as com-
pared to the stirred treatments with citrate and histidine suggests

that reduced diffusion was compensated for by increased Zn
supply resulting from complex dissociation. This hypothesis is
supported by the fact that analogous effects were found with the

PLM system, where uptake of entire negatively charged com-
plexes can be excluded. It is therefore likely that complex dis-
sociation also played a role for Zn uptake in the presence of

histidine. However, as Zn influx into plants and PLMwas higher
in the presence of histidine than of citrate it is likely that here the
uptake of neutral or positively charged Zn–histidine complexes

also contributed to Zn uptake.
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