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Isolated cell walls exhibit cation binding properties distinct
from those of plant roots
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Abstract
Aims The principal contributor to the cation binding
properties of roots is currently considered to be the cell
wall or, alternatively, the plasma membrane. The aim of
this study was to highlight their respective contributions
in the binding properties.
Methods Cell walls of a dicotyledon (Solanum
lycopersicum L.) and monocotyledon (Triticum
aestivum L.) were isolated from roots and their binding
properties were compared to those of their respective
roots. Cell wall and root binding capacities were evalu-
ated by potentiometric titrations and cation exchange
capacity measurements, while their biochemical com-
position was analyzed by 13C-NMR spectroscopy.
Results The lower binding capacity of isolated cell
walls compared to roots revealed that cell plasma

membranes had a higher binding site density than
cell walls. The significant decrease in some NMR
signals, i.e. carbonyl C, N alkyl/methoxyl C and
alkyl C regions, suggested that carboxyl, amine and
phosphate binding sites, borne by proteins and
phospholipid plasma membranes, contribute to the
binding capacity.
Conclusions Cell walls and plasma membranes were
found to be jointly involved in root binding properties
and their respective contributions seemed vary between
plants.
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Introduction

Trace elements in soil were originally derived from the
weathering of parent rock (Dœlsch et al. 2006a), but the
development of industrial and agricultural activities and
urbanization gave rise to other sources. Mining, agricul-
tural practices such as organic waste spreading, refuse
incineration and urban traffic account for substantial
anthropogenic contamination (Dœlsch et al. 2006b;
Nagajyoti et al. 2010; Legros et al. 2013; Zhou et al.
2013).

Roots are the first plant organs exposed to trace
elements in soil. Plants may show various rhizotoxicity
symptoms, such as root growth inhibition, root hair
damage, local swelling and ruptures in the rhizodermis
and outer cortex (Sheldon and Menzies 2005; Kopittke
andMenzies 2006; Kopittke et al. 2008). In recent years,
root binding properties have often been put forward as a
major driver of micronutrient uptake and trace element
toxicity in plants (Reid 2001; Thakali et al. 2006;
Kopittke et al. 2009a). The root apoplast, i.e. the com-
partment consisting of water, gas and cell walls, and root
cell plasma membranes are, alternatively, considered to
be a major contributor to root binding properties
(Sattelmacher 2001; Kinraide 2004).

Cell walls exhibit many binding sites associated with
carboxylic, phenolic, amine and thiol functional groups
borne by a range of chemical polymers tightly woven
into the tridimensional meshwork (Sarkar et al. 2009;
Krzesłowska 2011). Binding properties closely depend
on the cell wall composition, which varies notably with
plant age and between species. The root binding capac-
ity is usually higher in dicots (20–50 cmolc.kg

−1 or
meq.100 g−1) than in monocots (10–20 cmolc.kg

−1)
(Ram 1980; Sattelmacher 2001; Straczek et al. 2008).
This difference in binding capacity is attributed to a
higher pectin content in dicot cell walls (20-35 % of
the dry mass) than in monocot cell walls (5 % of the dry
mass) (Vogel 2008). Free carboxylic groups borne by
pectins are usually considered to be responsible for 70-
90 % of the root binding properties (Haynes 1980).
Experimental studies have shown that these free carbox-
yl groups play a crucial role in aluminum (Al) accumu-
lation in roots and in the induction of Al rhizotoxicity
(Horst et al. 2010). Beyond pH 7, phenolic groups also
contribute significantly to root cell wall binding proper-
ties (Meychik and Yermakov 2001). Considering that
cell wall compounds, especially pectins, seem to control
root cation binding properties, model formalisms have

been based on descriptions of interactions between trace
elements and isolated cell walls, thus overlooking the
possible contribution of other root compartments such
as cell plasma membranes (Allan and Jarrell 1989;
Postma et al. 2005).

However, the plasma membrane bears cation binding
sites provided by phospholipid phosphate groups and
protein-containing amino acids entrapped in the plasma
membrane (Kinraide et al. 1992). The negative charges
provided by these sites create a negative plasma mem-
brane electrical potential that controls the activity of ions
at the plasma membrane surface (Kinraide 2006). Ex-
perimental studies on root protoplasts showed that
metals such as copper (Cu), nickel (Ni) or Al have high
binding affinity for root cell plasma membranes (Zhang
et al. 2001; Vulkan et al. 2004; Kudo et al. 2011). The
development of a plant-ion interaction model based on
the binding properties of the plasma membranes while
ignoring those of cell walls has markedly enhanced
prediction of plant uptake and rhizotoxicity of a broad
range of ions (Kopittke et al. 2011; Wang et al. 2011).
These authors have consistently suggested that plasma
membranes substantially contribute to the binding prop-
erties of whole roots.

Ultimately, the respective contributions of cell walls
and plasma membranes to the binding properties of
whole roots have not been clearly established, especially
as they are always tested separately. Studies carried out
on cation distributions within whole roots using current
imaging techniques have not provided any further infor-
mation on this point. Elements accumulated outside and
within the cells can be clearly differentiated (Liu and
Kottke 2003; Kopittke et al. 2007; Kopittke et al.
2009b), but it is much harder to distinguish between
ions bound in cell walls from those bound on plasma
membranes. Nanoscale secondary ion mass spectrome-
try (NanoSIMS), an analytical tool that provide high
spatial resolution combined with high elemental sensi-
tivity (Herrmann et al. 2007), would seem to be able to
make such distinctions, but to our knowledge this tech-
nique has never been used for this purpose (Smart et al.
2010; Moore et al. 2011).

The present study thus aimed to highlight the respec-
tive contributions of cell walls and plasma membranes
to the binding properties of whole roots. The properties
and chemical nature of cell wall and plasma membrane
cation binding sites were assessed by comparing cell
walls isolated from roots with cell walls and plasma
membranes still in the roots. Multiple procedures using
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chemical or physical treatments have been previously
described for isolating cell walls (Sentenac and Grignon
1981; Masion and Bertsch 1997; Bastías et al. 2010;
Yang et al. 2010). All of these procedures are assumed
to be capable of removing plasma membranes and the
cytoplasm from roots while preserving the cell wall
composition and binding properties. The isolation pro-
cedure used in this study allowed us to recover cell walls
while preserving the shapes and dimensions they origi-
nally had in the roots. Experiments were performed on
roots of two plant species representative of dicots i.e.
Solanum lycopersicum L. and monocots i.e. Triticum
aestivum L.. The cell wall and root binding properties
were estimated by measuring the cation exchange ca-
pacity (CEC) and performing potentiometric titrations.
The cell wall and root compositions were characterized
by solid-state 13C nuclear magnetic resonance (13C-
NMR).

Material and methods

Plant growth

Bread wheat (T. aestivum L. cv. Premio) and tomato
(S. lycopersicum L. cv. Moneymaker) were grown in
hydroponic conditions for 21 days with an experimental
procedure adapted from Bravin et al. (2010). Briefly,
wheat and tomato seeds (5 and 20 seeds per pot, respec-
tively) were germinated in darkness for 7 days in
600 μM CaCl2 and 2 μM H3BO3. Seedlings were then
grown for 14 days in a nutrient solution (μM): Ca (NO3)

2 2,000, KNO3 2,000, MgSO4 1,000, KH2PO4 500,
NaFe (III) EDTA 100, H3BO3 10, MnCl2 2, CuCl2 1,
ZnSO4 1 and Na2MoO4 0.05. The solution was renewed
every 2–3 days. The growth chamber parameters were
set at (day/night): 25/20 °C, 75/70 % relative humidity
and 16/8 h with a photon flux density of 450 μmol
photons m−2 s−1 during the day. At harvest, roots were
blotted with paper towels before being subdivided into
homogenous subsamples and then stored frozen. After
thawing, roots were subdivided into two groups: (i) root
subsamples were rinsed with 1 mM Ca (NO3) 2 to
eliminate cytosolic compounds released during thawing
and oven-dried at 50 °C (until a steady mass) and are
hereafter referred to as roots; and (ii) remaining root
subsamples were maintained moist for subsequent anal-
ysis (see below).

Isolation of root cell walls

Cell walls were isolated from wheat and tomato roots
using Triton X 100, a non-ionic detergent which enabled
us to remove the cellular components by solubilizing
plasma membrane phospholipids. The procedure was
adapted from Cathala et al. (1978). Thawed wheat and
tomato roots were cut into 1–2 cm long pieces, then
immersed for 30 days in a solution containing 1 % v/v
Triton X 100 and 1 mM Ca (NO3) 2. Triton X 100 was
then removed by washing with a 1 mM Ca (NO3) 2

solution that was renewed every day for 10 days. The
whole procedure was carried out at 6 (±1)°C under
stirring (60 rpm). The isolated cell walls, hereafter re-
ferred as to cell walls, were stored at 4 °C in 1 mM Ca
(NO3) 2.

To assess the efficiency of the isolation procedure,
the loss of calcium (Ca), copper (Cu), iron (Fe), phos-
phorus (P) and potassium (K) in the cell walls during the
30-day of the procedure was determined. Initial roots
and the root material obtained after 30 days of the isola-
tion procedure was oven-dried at 50 °C until a steady
mass was achieved, and then ground using a porcelain
mortar. A subsample of each root material was digested
in a microwave oven (March 5, CEM Corporation) for
15 min (i.e. 10 min at 600 W under 1.2 bar then 5 min at
1,200 W under 10 bar) with 10 ml of aqua regia (i.e.
67 % v/v of 37 % HCl and 33 % of 69 % HNO3). The
mineral element concentration in the digest was deter-
mined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Jobin Hyvon Horiba J 38).
Measurements were performed in duplicate at 0 and 30
days. Blanks, in-house reference samples and certified
reference material were included in the digestions and
analyses. The measurement uncertainty ranged from 6
to 15 %.

Determination of the cation exchange capacity of roots
and cell walls

The cation exchange capacity (CEC) of wheat and
tomato roots and cell walls was determined according
to the procedure of Dufey and Braun (1986). A 25 mg
mass (dry mass basis) of roots and cell walls was shaken
end-over-end in 15 ml of 10 mM CuSO4 for 30 (±1)
min. The suspension was filtered (Whatman, grade 4)
and roots and cell walls were rinsed three times with
100 ml of 0.1 mM CuSO4 through a Büchner funnel.
Roots and cell walls were then shaken end-over-end in
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50 ml of 0.1 M HCl for 20 (±1) min. The suspension
was finally filtered (Whatman, grade 4) before ICP-AES
determination of the Cu concentration in the filtrate.
Roots and cell walls were oven-dried at 50 °C and
weighed. Measurements were performed in quadrupli-
cate. Blanks were included in the measurements and
analyses. Due to its high affinity for root surfaces, Cu
is supposed to saturate all cation binding sites onto roots
and cell walls. The CEC (cmolc.kg

−1) was thus estimat-
ed from Cu concentration measured in the acidic filtrate
by considering a 1:1 stoichiometric ratio between root
binding sites and Cu2+.

Characterization of the acidic properties of roots and cell
walls by potentiometric titration

To avoid analytical artefacts, roots and cell walls were
first stirred in HNO3 solution -at pH 3 -for 1 h to remove
highly bound or precipitated cations (e.g. Fe and Al),
then rinsed twice with ultrapure water (18.2 MΩ) for
30 min. Roots and cell walls were then oven-dried at
50 °C until a steady mass was achieved.

The titration procedure was adapted from Garnier
et al. (2004a). Briefly, titrations were performed with a
Metrohm titration stand with two 719 S Titrino titrators
controlled by Tinet 2.4 software. Approximately 0.2 g
(dry mass basis) of roots or cell walls was placed in a
thermostated cell at 25 (±0.2)°C filled with 100 ml of
10 mM KNO3. The solution was continuously stirred
and flushed with an ultrapure nitrogen flow. Roots and
cell walls were titrated with 0.1 M KOH (Fischer chem-
ical, titrated three times using potassium hydrogen
phthalate to accurately determine the KOH concentra-
tion) and 0.2 MHNO3 (from 69%HNO3, trace analysis
grade, Fischer Scientific, titrated three times using the
freshly prepared KOH solution). The combined pH-
micro-electrode (Ag/AgCl/KCl 3 M, Bioblock Scientif-
ic) was calibrated daily with pH-buffer solutions (HAN-
NA 4.01, 7.01 and 10.01 at 25 °C). Titrations were
carried out in several steps. The pH was first lowered
to 2.5 with HNO3 additions. After 15 min of stirring, the
solution was free from carbonates and the pH was then
increased step-by-step to 11.5 with the incremental ad-
dition of KOH at two different rates: 100 μl from pH 2.5
to 3.5 and from pH 10.5 to 11.5 and 20μl from pH 3.5 to
10.5.

The acidic properties of roots and cell walls were
determined by fitting the experimental data with
PROSECE software (Garnier et al. 2004b). Briefly,

PROSECE is based on a discrete site distribution model
where each site is defined by a site density (LHi,
cmolc.kg

−1) and a stability constant (pKai). The fitting
procedure highlights the number of sites for optimal
fitting as well as their optimal density and pKa.

Identification of the chemical structure of roots and cell
walls by solid-state 13C-NMR spectroscopy

Solid-state 13C-1H cross-polarization magic angle spin-
ning nuclear magnetic resonance (13C CP-MAS NMR)
analyses were carried out at 101.6 MHz on a Bruker
Avance WB 400-MHz Spectrometer. Roots and cell
walls (150–200 mg, dry mass basis) were packed into
a 4 mm Zirconia rotor and spun at 10 kHz in a MAS
probe. Cross-polarization was performed with ramped
1H pulse to circumvent Hartmann-Hahn mismatches.
All spectra were obtained with a 2 ms contact time and
2 s recycling time. To improve the resolution, dipolar
decoupling was applied on protons during acquisition.
Chemical shifts were referenced to tetramethylsilane.
12–18 k scans were conducting depending on the
amount of sample.

Spectra were divided in chemical shift regions in
which the chemistry of the C atoms were similar: alkyl
C (0–45 ppm), N-alkyl and methoxyl C (45–60 ppm),
carbohydrate C (60–90 ppm), anomeric C (90–
110 ppm), Aryl C (110–145 ppm), O-aryl C (145–
165 ppm) and carbonyl C (165–190 ppm) (Wershaw
and Mikita 1987). For a semi-quantitative comparison
between the root and cell wall spectra for each species,
the anomeric region (90–110 ppm) was defined as the
internal reference. The anomeric bond is a marker of
polysaccharides which mostly occur in the cell walls
(Vogel 2008).We therefore considered that the anomeric
region was quantitatively preserved in the cell walls in
comparison with the corresponding roots of each spe-
cies. Spectra were thus normalized to the maximal in-
tensity of the anomeric region and numerical ratios
between the area of each region and the area of the
reference were calculated.

Spectra deconvolution was performed with
IGOR PRO 5.0 software. It uses Gaussian type
functions to perform the fitting. The baseline was
corrected by the software. For each generated
Gaussian type function, the consistency of the po-
sition, amplitude and standard deviation was thor-
oughly investigated.
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Results

Loss of mineral elements during the isolation procedure

The mineral element loss patterns during wheat and
tomato cell wall isolation were very similar (Fig. 1).
Potassium was no longer detected after the 30-day
isolation procedure. P, Ca and Fe losses were 90–95,
86–80 and 77-80 % for tomato and wheat, respectively.
The weakest loss was noted for Cu, with 52 and 62 %
for tomato and wheat, respectively.

Cation exchange capacity of roots and cell walls

For wheat and tomato, the root CEC was threefold
higher than that of the respective cell walls when
expressed on an initial root mass basis (Fig. 2). The
CEC of tomato roots (73±2 cmolc.kg

−1) and cell walls
(23±3 cmolc.kg

−1) was ca. 2.5-fold higher than that of
wheat roots (29±4 cmolc.kg

−1) and cell walls (10±1
cmolc.kg

−1), respectively.

Acidic properties of roots and cell walls

The experimental potentiometric titration data for wheat
and tomato roots and cell walls were accurately fitted
with PROSECE by parameterising four proton binding
functional groups for wheat and tomato roots and cell
walls (Fig. 3; Table 1). These sites were characterised by
distinct pKa. The pKa of site 1 (L1) were fitted at 3.4 and

3.6 for wheat and tomato cell walls and 4.1 and 4.4 for
roots. The pKa of site 2 (L2) ranged from 5.0 to 5.3 for
wheat and tomato cell walls and tomato roots, while it
was fitted at 7.2 for wheat roots. The pKa of site 3 (L3)
were fitted at 7.4 and 8.1 for tomato cell walls and roots
and at 8.7 and 9.1 for wheat cell walls and roots. The
pKa of site 4 (L4) consistently ranged from 9.8 to 10.1
for all samples. The estimated site density markedly
differed depending on the root material (Table 1). For
tomato, the site density was consistently distributed for
cell walls and roots, with LH4T>LH1T>LH2T>LH3T. For
wheat, no consistent pattern was observed in the site
density distribution for cell walls and roots. The total
site density estimated for wheat and tomato roots was
respectively 2.4- and 3.4-times higher than those esti-
mated for cell walls (Table 1).

These results are consistent with the total site density
estimated on the basis of CEC, as the CEC measured in
wheat and tomato cell walls and roots was linearly
correlated with the total site density estimated on the
basis of potentiometric titration data (R2=0.98, data not
shown). The total site density estimated by potentiomet-
ric titration was slightly higher than that estimated on the
basis of the CEC (regression slope: 1.25).

13C-NMR spectra of roots and cell walls

Overall, the spectra shape was very similar for wheat
and tomato cell walls and roots (Fig. 4a and b).
All spectra exhibited a quantitatively substantial
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carbohydrate region (between ca. 60 and 110 ppm). The
NMR spectra intra-species comparison revealed that the
total area of the cell wall spectra accounted for 76 and
85 % of the total area of the root spectra for tomato and
wheat, respectively (Fig. 4). For both species, the area of
the cell wall carbohydrate region was very similar to that
of the roots, i.e. the cell wall to root signal ratio was over
90 % (Fig. 5). The carbonyl C and the N alkyl/-
methoxyl C regions exhibited a cell wall to root signal
ratio ranging from 39 to 44 % in wheat and from 55 to
65 % in tomato. The lowest cell wall to root signal ratio

was obtained for the alkyl C region, with a cell wall to
root signal of only 35 %. The aryl C and O-aryl C
regions were not studied because the signal intensity
was too weak to be confidently distinguished from the
baseline.

Discussion

Root cation binding properties are alternatively attribut-
ed to the properties of cell walls, particularly pectins, or
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of root cell plasma membranes. To assess the respective
contributions of these two root materials, we investigat-
ed the properties and chemical nature of cation binding
sites of isolated cell walls compared to those of whole
roots still containing cell walls and plasma membranes.

Efficiency of the cell wall isolation procedure

Theoretically, an efficient root cell wall isolation proce-
dure should: (i) entirely remove the root symplasm by
solubilization of cell plasma membranes, and (ii) quan-
titatively and qualitatively preserve the cell wall com-
pounds. Although the quality of the isolation procedure
is seldom checked, this aspect can be assessed in various
ways, e.g. electronic microscopy observation (Sentenac
and Grignon 1981) or measurement of ATPase and Cyt
C activities (Masion and Bertsch 1997).We assessed the
efficiency of the isolation procedure by probing the loss
of mineral elements in isolated cell walls compared to
the roots (Fig. 1).

The removal of 90-95 % of P, which is a representa-
tive membrane phospholipid constituent, in tomato and
wheat cell walls compared to their respective roots
suggested that the plasma membranes were efficiently
solubilized by our isolation procedure using Triton X
100 (Fig. 1). The low percentage of P remaining in cell
walls could be attributed to the P-containing proteins
embedded in the cell walls (Kaida et al. 2010). The loss
of almost 70 % of the alkyl-C NMR signal, presumably
largely corresponding to the long aliphatic chains of
membrane phospholipids, in tomato and wheat cell
walls compared to their respective roots further suggests
that plasma membranes were efficiently solubilized and
removed from isolated cell walls (Figs. 4 and 5). Cathala
et al. (1978) also reported that optical and microscopic
observations of root cell walls (isolated with a Triton X

100 procedure very similar to the one we used) did not
show any remaining plasma membrane fragments.

Following the removal of plasma membranes, the
cell wall isolation procedure should allow removal of
the cytoplasmic content. The complete loss of K, a
soluble cation almost entirely contained in the cyto-
plasm (Marschner 1995), during the cell wall isolation
procedure illustrated efficient removal of the cytoplas-
mic content of root cells (Fig. 1). Cathala et al. (1978)
similarly reported that K recovered in cell walls isolated
using Triton X 100 represented less than 3 % of the K
initially measured in the roots of several dicots and
monocots.

The partial recovery of Ca, Fe and Cu contrasted with
the loss of P and K from the isolated cell walls (Fig. 1).
Calcium, Fe and even more so Cu are well-known to
highly interact and accumulate in root cell walls. Bravin
et al. (2010) reported a percentage of apoplastic Cu
ranging between 50 to 80 % for durum wheat grown
under hydroponic conditions very similar to those we
used to grow tomato and wheat. Strasser et al. (1999)
reported a percentage of apoplastic Fe ranging from 10
to 50 % for both dicots and monocots. The recovery of
Ca in isolated cell walls was harder to accurately inter-
pret as it depends concomitantly on the initial distribu-
tion of Ca between the root symplast and apoplast and
the desorption of Ca from cell walls during the isolation
procedure following the decrease in Ca concentration
from the hydroponic solution (i.e. 2 mM) to the isolation
solution (i.e. 1 mM).

Finally, the 13C-NMR determination allows us to
assess the qualitative preservation of cell wall com-
pounds (Figs. 4 and 5). We noted that the peak observed
in the anomeric C region conserved a maximum inten-
sity of close to 105 ppm, which corresponds to inter-
chain glycosidic bonds (Fig. 5). This highlighted the
absence of any pecto-cellulosic chain degradation.

Table 1 Acidic properties of wheat and tomato roots and cell walls. The density of acidic sites (LHiT, cmolc.kg
−1 initial dry roots) and their

stability constants (pKai) were obtained by fitting the experimental data with PROSECE software (as described in theMaterial andMethods)

L1 L2 L3 L4 Total sites

LH1T pKa1 LH2T pKa2 LH3T pKa3 LH4T pKa4

Wheat Roots 7.0 4.4 5.4 7.2 10.1 9.1 14.0 10.1 36.5

Cell walls 6.2 3.4 2.1 5.3 3.1 8.7 3.8 9.9 15.2

Tomato Roots 30.2 4.1 15.2 5.2 13.3 8.1 38.5 9.9 97.2

Cell walls 10.4 3.6 3.1 5.0 2.4 7.4 12.8 9.8 28.7
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The above-cited results concomitantly suggested that
the major components of the material isolated from roots
were preserved, even though the absence of any loss of
quantitatively minor cell wall components could not be
definitely ascertained. In comparison with isolated cell
walls, the roots did contain both cell walls and plasma
membranes. Isolated cell walls and roots were conse-
quently adequate for evaluating the respective contribu-
tions of cell walls and plasma membranes to the root
cation binding properties.

Limited contribution of cell walls to the total binding
capacity of roots

The binding capacity of wheat and tomato cell walls,
when expressed as a function of the initial root mass,
was 2.4- and 3.4-fold lower than the binding capacity of
wheat and tomato roots, respectively (Figs. 2 and 3;
Table 1). These results mean that root material removed
during cell wall isolation, i.e. cell plasma membranes
and cytosolic compounds, accounted for 60 and 70% of
the total binding capacity of wheat and tomato roots,
respectively. Determination of the concentration of ma-
jor organic acids extracted from frozen-thawed roots
showed that their global contributions to the CEC of
tomato and wheat roots were lower than 5 % (results not
shown). As these organic acids were mainly found
within the cytosol, this suggests that the difference in
the binding capacity of roots and cell walls could be
mainly attributed to plasma membranes. These results
contradict those generally reported in the literature, i.e.

indicating that 70-90% of the cation binding capacity of
roots is mainly provided by carboxylic groups borne by
cell wall pectins (Haynes 1980; Sattelmacher 2001;
Krzesłowska 2011). In contrast, our results suggest
that root cell plasma membranes are the main
contributors to the total binding capacity of roots. This
hypothesis is supported by the reported measurements
of significant surface charge densities and ion binding
affinities of plasma membranes as reviewed by Kinraide
(2001).

The limited contribution of the cell walls to the root
binding capacity could thus be partly explained by the
loss of root material bearing binding sites during the cell
wall isolation procedure, as 48-50 % of the initial root
mass was lost (results not shown). However, it is note-
worthy that this loss of root material was still lower than
the 60 and 70 % decrease in the binding capacity of cell
walls compared to that of wheat and tomato roots,
respectively (Table 1). This means that the binding site
density in cell walls, i.e. 29.2 and 57.7 cmolc.kg

−1 of dry
cell walls for wheat and tomato, was lower than that of
the root material lost during this isolation procedure, i.e.
presumably plasma membranes, i.e. 44.5 and 136.2
cmolc.kg

−1 of dry mass for wheat and tomato. The result
was particularly striking for tomato roots as it suggested
that the cell wall binding site density was 2-fold lower
than that of plasma membranes.

Cathala et al. (1978) reported very similar CEC in
roots and the corresponding cell walls of maize and
sunflower. Although the percentage of root material lost
during the cell wall isolation procedure was not
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specified, the findings of that study suggested, like our
results, that cell walls do not contribute to more than
50 % of the total binding capacity of roots with a
substantial concomitant contribution of plasma
membranes. Based on a comparison of the electrical
potentials of root cell walls and plasma membranes,
Shomer et al. (2003) also suggested that the ion-
binding strength of plasma membranes is higher than
that of cell walls.

Distinct acidic properties of roots and cell walls related
to the chemical nature of binding sites

While the total binding capacity of cell walls was shown
to be substantially lower than the total binding capacity
of roots, it remains unclear whether the acidic properties
of cell walls and roots differed and whether these acidic
properties could be related to the chemical nature of the
binding sites in cell walls and roots.

As already mentioned, the 13C-NMR spectra of roots
and cell walls were qualitatively identical, i.e. the same
chemical C-bonds were detected (Fig. 4). Nevertheless,
the quantity of chemical C-bonds differed significantly
between cell walls and roots. The substantial (i.e. 35-
55 %) decrease in the carbonyl C signal, visible ca.
173 ppm (Figs. 4 and 5), is particularly noteworthy. This
spectral region consists of contributions from uronic
acids, proteins and fatty acids of phospholipids. Uronic
acid, which is a component of cell wall pectins that bears
cation binding sites, is considered to be a major source
of carboxyl groups in plant roots (Grignon and Sentenac
1991). As the spectral contributions of pectins were also
noted in the carbohydrate C region (60–110 ppm,
Fig. 4), which presented an NMR signal close to that
of the roots, it was unlikely that there was any loss of
carboxyl groups from uronic acid during the isolation
procedure. Alternatively, the disappearance of carbonyl
groups from isolated cell walls could be attributed to the
removal of proteins embedded in plasma membranes.
Indeed, proteins are composed of one or more chains of
amino acids linked by peptide bonds and ending by both
carboxyl and amine groups. These proteins can repre-
sent as much as half of the plasma membrane mass
(Gupta 2004; Taiz and Zeiger 2006). Lamport and
Várnai (2013) recently reported on the binding capacity
towards Ca of carboxyl groups borne by periplasmic
arabinogalactan glycoproteins (AGPs). These AGPs
may contribute significantly to the binding capacity of
plasma membranes. The spectral contribution of

proteins was also noted at 56 ppm (N alkyl/methoxyl
C) and between 0 and 40 ppm (alkyl C), i.e. two other
NMR regions also presenting a signal loss (Fig. 4).
Consequently, the lower binding capacity of cell walls
was likely partly associated to the substantial loss of
carboxyl and amine binding sites borne by proteins
embedded in plasma membranes.

The disappearance of 65 % of the alkyl-C signal in
cell walls compared to that in roots could also have been
partly associated with the removal of phospholipids, i.e.
the primary constituent of plasma membranes, during
the cell wall isolation procedure. The chemical structure
of phospholipids consists of a phosphate group cova-
lently linked to a glycerol molecule which in turn is
covalently linked to two fatty acids. A variable head
group is further attached to the phosphate group. Phos-
pholipids of the outer part of the plasma membrane can
therefore exhibit two to three cation binding sites borne
by the head group and phosphate group. For instance,
phosphatidylserine contains a serine as head group, a
molecule having one carboxyl group and one amine
group (Taiz and Zeiger 2006). Cohen and Cohen
(1981) and McLaughlin et al. (1981) showed that these
functional groups were responsible for the adsorption of
monovalent and divalent cations by membrane phos-
pholipids. Consequently, the lower binding capacity of
cell walls is likely partly associated with the substantial
loss of phosphate, carboxyl and amine binding sites
borne by plasma membrane phospholipids.

The potentiometric titrations coupled with
PROSECE modeling generated further insight into the
identification of functional groups responsible for the
binding properties of roots and cell walls. Four types of
binding sites were identified for each root material with
specific acidic properties, i.e. a stability constant (pKa)
and a site density (Table 1). The pKa ranges of carbox-
ylic, phosphate, amine and phenolic groups are respec-
tively 3.4 to 7.5, 5.7 to 7.2 and 8 to 11 for the two latter
groups (Meychik and Yermakov 1999; Guiné et al.
2006; Ahmady-Asbchin et al. 2008). Binding sites were
consequently grouped into two distinct families, i.e. the
carboxyl/-phosphate-like (C-P) sites and the phenolic/-
amine-like (Φ-A) sites, with pKa respectively lower and
higher than ca. 7.5. The C-P/Φ-A ratio was respectively
0.5 and 1.2 in wheat roots and cell walls, indicating that
Φ-A sites were the most abundant in roots and that C-P
sites were the most abundant in cell walls. The C-P/Φ-A
ratio was respectively 0.9 and 1.2 in tomato roots and
cell walls, revealing a similar although less marked site
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dominance pattern than noted in wheat. The switch in
the dominance betweenΦ-A and C-P sites from roots to
cell walls could be explained by a higher loss of Φ-A
sites as compared to the loss of C-P sites during the cell
wall isolation procedure.

The assignment of a chemical nature to each type of
binding site identified by potentiometric titration is still,
however, complicated. C-P and Φ-A site denominations
are only indicative of the actual reactivity of roots and
cell walls as the chemical environment of a functional
group may substantially alter its pKa. For example, the
pKa of a low molecular acid such as acrylic acid is 4.3
but the pKa of ionogenic groups of acrylic acid in the
cross-linked polymer structure may range from 5 to 7.5
(Meychik and Yermakov 1999) . L ikewise ,
polygalacturonic acid carboxylic groups may have a
pKa in the range of that of Φ-A sites (Lenoble et al.
2008). Accurate knowledge on the chemical structure is
thus necessary. The NMR signal loss effectively
reflected the decrease in the total site density observed
by both potentiometric titration and CEC measurement.
However, due to the substantial chemical heterogeneity
in the roots and cell walls, the NMR spectra did not
generate more accurate results or highlight a straightfor-
ward link between the identified functional groups and
the pKa.

Conclusion

While, based on previous reports, it is often commonly
considered that root binding properties are mainly de-
pendent on the cell wall composition, our results con-
versely suggest that cell walls does not contribute to
more than 50 % of the total binding capacity of roots.
Because of the apparent efficiency of the cell wall
isolation procedure in removing plasma membranes,
we noted that binding sites borne by plasma membranes
contributed markedly to the total binding capacity of
roots.

The distinct binding properties of isolated cell walls
and roots should no longer be neglected and should be
considered carefully in studies focused on root-ion in-
teractions. Cell walls and plasma membranes should be
separated especially to gain insight into processes taking
place within cell walls, such as root elongation mecha-
nisms. Conversely, cell walls and plasma membranes
have to be seen as a continuum in the overall issue of
rhizotoxicity because of their respective contributions in

the binding properties of roots. From a more operational
standpoint, the biotic ligand model will be more effec-
tive if cell walls and plasma membranes are considered
as separate cation binding sites. Further in-depth studies
are nevertheless required to investigate the binding of
trace elements by each type of root material in order to
identify the extents of participation of their respective
binding sites.
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