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Abstract Copper toxicity and accumulation in plants are
affected by physicochemical characteristics of soil solu-
tions such as the concentrations of coexistent cations
(e.g., Ca*™, Mg*", K, Na™, and H"). The biotic ligand
model (BLM) approach has been proposed to predict
metal phyto-toxicity and -accumulation by taking into
account the effects of coexistent cations, given the
assumption of the partition equilibrium of metal ions
between soil solution and solid phase. The alleviation
effects of Mg on Cu toxicity and accumulation in
grapevine roots were the main concerns in this study and
were investigated by using a hydroponic experiment of
grapevine cuttings. The BLM approach, which incorpo-
rated competition of Mg”>™ with Cu®" to occupy the biotic
ligands on root surfaces, was developed to predict Cu
rhizotoxicity and accumulation by grapevine roots. In the
results, the effective activity of Cu, {Cu2+}, resulting in a
50 % reduction of root elongation (EAsp), linearly
increased with increments of Mg activity, {Mg”>"}. In
addition, the Cu concentration in root, Cu,,,;, was retar-
ded by an increase of {Mg**}. The linear model was
significantly fitted to the relationship between {Cu*"}/
Cityor: and {Mg*"}. According to the concept of BLM,
the present results revealed that the amelioration effects
of Mg on Cu toxicity and accumulation in roots could
arise from competition between Mg>" and Cu”*" on the
binding sites (i.e., the biotic ligands). Then, the developed
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Cu-BLMs incorporating the Mg>" competition effective-
ness were validated provide accurate predictions of Cu
toxicity and accumulation in grapevine roots. To our
knowledge this is the first report of the successful
development of BLMs for a woody plant. This BLM
approach shows promise of being widely applicable for
various terrestrial plants.

Keywords Terrestrial biotic ligand model (t-BLM) -
Rhizotoxicity - Bioavailability - Competition absorption -
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Introduction

In agroecosystems, Cu-based fungicides, such as copper
hydroxide and copper sulfate, are widely used to control
fungi, bacteria, invertebrates, and algae (Van Zwieten
et al. 2004). Copper also is added to soils with manure
and sludge composts and application (Lai et al. 2010).
The intensive and long-term applications of these fungi-
cides and composts in the field have led to accumulation
of Cu in some agricultural soils throughout the world
(Mirlean et al. 2007), thus posing problems of Cu toxicity
to the organisms therein (Komadrek et al. 2009). There are
however extensive evidences that both total and soluble
Cu concentrations are not good predictors of Cu toxicity
and accumulation in plants. Copper toxicity to some
model plants has been shown to be dependent on a variety
of physicochemical characteristics of soil solutions (Luo
et al. 2008; Kopittke et al. 2011) such as the concentra-
tions of coexistent cations (e.g., Ca’*, Mg*", K*, Na™,
and H™). Copper uptake (or availability) affected by
Ca’**, Mg, and H" was also discussed in several studies
(Wu 2007; Wang et al. 2011a). Given the assumption of



Alleviation effects of magnesium on copper toxicity

175

the partition equilibrium of metal ions between soil solid
and solution phases, the biotic ligand model (BLM)
approach has been proposed to predict the metal toxicity
to plants while taking the effects of coexistent cations into
account (Thakali et al. 2006a, b; Lock et al. 2007a, b).
Although initially developed for aquatic systems, the
BLM has been promisingly used in terrestrial environ-
ments, including plants (Antunes et al. 2006). The main
assumption of BLM is that the alleviation effects of metal
toxicity are referred to competition between coexistent
cations and toxic metals at binding sites (called biotic
ligands) on the plasma membrane (De Schamphelaere and
Janssen 2002). Recently, the scientific and regulatory
communities have become interested in the BLM and
have incorporated it into regulations (USEPA 2007; Van
Sprang et al. 2007).

Until present, terrestrial BLMs were mainly used to
predict Cu toxicity to herbal plants (Luo et al. 2008;
Wang et al. 2009; Antunes et al. 2012). There have not
been any studies yet to examine whether the BLM
approach is applicable for woody plants as well as herbal
plants. Due to the elevated Cu concentrations in vineyard
soils, it is necessary to study the phytotoxicity and
accumulation of Cu in grapevine plants for assessing the
eco-toxicological risks and food safety (Chaignon et al.
2003; Juang et al. 2012a). In the previous studies (Lock
et al. 2007c; Wang et al. 2012b), Mg®" was reported to
be more effective than other cations in alleviation of Cu
rhizotoxicity. The alleviation effects of Mg on Cu toxicity
and accumulation in grapevine plants are thus our priority
in this study.

Rhizo-toxicity and -accumulation of metals in soil
involve the two main consecutive steps: release of the
metals from soil solid phases into solution and absorption
from soil solution onto root surfaces. According to the
terrestrial BLM proposed by Thakali et al. (2006a), it is
necessary to consider the equilibrium partitioning of metals
between soil solid and solution phases, as given competi-
tive sorption of coexistent cations onto solid phases
approaching to be equilibrium. Thus based on the
assumption of equilibrium partitioning, one can use metal
speciation and coexistent cations in solution as the starting
point to model the toxicity and uptake of metals with the
BLM approach (Mertens et al. 2007). The hydroponic
study is thus regarded as the first step in evaluating the
feasibility of BLM for modeling Cu toxicity and accumu-
lation in grapevine plants. The objectives of the present
study are (1) to assess the alleviation effects of Mg on Cu
rhizotoxicity and accumulation by grapevine roots and (2)
to model the Cu toxicity and accumulation in grapevines
with the derived BLMs, which take into account Mg2+
competing with Cu>" to occupy the biotic ligands on root
surfaces.

Materials and methods

Preparation of grapevine cuttings and experimental
design

The annual shoots of Kyoho grapevine (Vitis vinifera L.)
were collected from vine-growing areas in central Taiwan
and transferred to the laboratory. Each shoot was divided
into several cuttings so that each cutting contained two
nodes and three spurs. One end of each of the grapevine
cuttings was placed in deionized water until the cuttings
were rooting. The rooting cuttings were then transplanted
into 1 L polypropylene pots filled with 10 % modified
Hoagland solution (0.5 mM KCl, 0.5 mM CaCl,, 0.1 mM
KH,PO4, 0.2 mM MgSQO4, 0.01 mM Fe-EDTA, and
1.5 mM NH4NO3) for acclimation for about 30 days
(Juang et al. 2012a).

The cuttings were exposed separately to 0 (control), 1, 5,
10, 15, and 25 uM of Cu®" as CuSO,, while keeping the
Mg*" concentrations at 0.2, 2, 4, and 8 mM, respectively.
The testing solution sets were shown in Table 1. Three
cuttings as the experimental replicates were placed in one
pot containing a testing solution. For each solution, pH was
maintained at 5.6-5.9 with 2-(N-morpholino) ethane sul-
fonic acid (MES) buffers. The pot experiment was con-
ducted in growth chambers with the temperature and
relative humidity of 25 £5°C and 75 £ 5 %, respec-
tively, during the 16:8 h of light to dark cycles. Testing
solutions were aerated throughout the experiment. The
solutions were renewed every five days. After the exposure
period for 15 days’ growth, the cuttings were harvested for
measurements of root elongation and Cu concentration in
root.

Copper toxicity test with the root elongation of cuttings

In order to assess the growth inhibition of Cu on grapevine
roots, the root images of cuttings for each testing solution
set were photographed before and after the experiment and
transferred into draft files. The total root length was then
calculated by DIGIROOT V. 2.5 software (Stefanelli et al.
2009) and then the root elongation of each cutting was
obtained with the deviation of total root lengths before and
after the experiment. The relative root elongation (RRE, %)
of grapevines with respect to control can be calculated by

RE,
RRE =
RE

c

100% (1)

where RE, is the root elongation in the testing solution and
RE, is the root elongation in the control. For each testing
solution set given a specific Mg?" activity, {Mg*"}, the
dose—response relationship between Cu?* activity, { Cu*"},
as shown in Table 1 and RRE was fitted to an exponential
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Table 1 Overview of the Mg and Cu concentrations ([Cu”] and root elongations (RRE) and Cu concentrations in root (Cu,,) and leaf
[Mg2+]) compositions of the testing solution sets and their activities (Cuyeqp) (mean =+ stand error (n = 3)) of the grapevine cuttings grown
({Cu2+} and {Mg2+}) shown within the parentheses and the relative

Testing solution sets RRE (%) Citypp; (Mg kg_l) Cljeqp (Mg kg_l)
[Mg*] ({Mg**}) (mM) [Cu®*] ({Cu™}) (uM)

0.2 (0.1532) 0 (0.0000) 100.00 + 5.43* 133.38 + 2.85¢ 18.46 + 0.94
0.2 (0.1532) 1 (0.7271) 122.01 + 15.60° 161.00 £ 19.61¢ 15.37 + 1.71°
0.2 (0.1531) 5 (3.6320) 27.02 + 14.52° 1,128.74 + 27.40° 19.30 + 2.82%
0.2 (0.1529) 10 (7.2556) 410 + 1.78° 2,072.66 + 12.86" 17.64 + 3.23*
0.2 (0.1527) 15 (10.871) 0.17 + 0.17° 2,212.66 + 237.29° 21.35 + 4.99°
0.2 (0.1524) 25 (18.075) 0.00 % 0.00° 6,152.14 + 58.36" 19.49 + 2.02°
2.0 (1.1799) 0 (0.0000) 100.00 =+ 11.44° 69.91 + 1.84¢ 15.25 + 0.71%
2.0 (1.1798) 1 (0.5525) 91.83 + 12.38% 239.40 + 31.52¢ 13.92 + 1.09°
2.0 (1.1794) 5 (2.7614) 17.80 + 2.89° 1,006.25 + 78.82° 12.88 + 0.30°
2.0 (1.1788) 10 (5.5199) 14.14 +2.32° 1,471.10 + 211.27% 14.61 + 1.46°
2.0 (1.1782) 15 (8.2754) 6.87 + 4.21° 1,806.18 + 134.85° 23.19 + 5.53%
2.0 (1.1771) 25 (13.788) 3.25 + 1.26° 5,084.32 + 177.41° 26.34 + 4.99°
4.0 (2.0073) 0 (0.0000) 100.00 =+ 30.57° 141.07 + 49.06 15.94 + 3.23°
4.0 (2.0072) 1 (0.4663) NA¥ 441.65 + 43.06° 14.70 + 2.22°
4.0 (2.0067) 5 (2.3308) 62.99 + 14.19° 717.04 + 92.78¢ 18.68 + 3.19*
4.0 (2.0061) 10 (4.6600) 32.57 + 4.08° 2,081.49 + 14.89° 14.17 £ 2.07
4.0 (2.0054) 15 (6.9876) 3.59 + 1.93¢ 1,203.60 + 106.07° 21.08 + 2.55°
4.0 (2.0042) 25 (11.638) 2.85 + 2.18° 2,620.36 + 138.81° 15.59 + 6.58*
8.0 (3.2821) 0 (0.0000) 100.00 + 22.12° 171.25 + 26.11¢ 14.35 + 1.96*
8.0 (3.2819) 1 (0.3778) 187.78 + 10.07° 209.10 + 30.67° 19.95 + 5.90°
8.0 (3.2815) 5 (1.8887) 98.53 + 11.37° 849.46 + 49.57° 13.18 + 3.19°
8.0 (3.2808) 10 (3.7766) 10.70 + 6.08° 2,042.92 + 33.85° 14.63 + 1.66
8.0 (3.2802) 15 (5.6636) 6.59 + 3.42° 2,703.92 + 72.03* 16.82 + 2.14%
8.0 (3.2790) 25 (9.4354) 23.45 + 7.45° 2,729.65 + 46.30° 2201 + 6.27°

 Values followed by the same letter, within each column for the same Mg concentration setting, are not significantly different at the 0.05 level
according to the Duncan multiple range test

¥ Data not available due to the root photographs before the experiment was missing

decay curve and the median effective activity (EAsy) of
Cu®" for RRE was then determined corresponding to
{Mg>"}. All activity calculations of Mg”" and Cu®" were
conducted using the chemical equilibrium model Visual
MINTEQ (Gustafsson 2007). Input data included temper-
ature, pH, and the ion concentrations of Cu>*, Mg*", Ca*™,
Na*, K*, CI™, and SO,*". The data of pH and ion con-
centrations input for activity calculations were given the
pH and ion composition of 10 % modified Hoagland
solution. Inorganic carbon was assumed to be in equilib-
rium with atmospheric CO, (Luo et al. 2008).

Determination of copper contents in the roots
of cuttings

The harvested grapevine roots were thoroughly washed with
deionized water. The root samples were oven dried at 65 °C
for 72 h, and the dry weight of each sample was recorded.
The Cu concentrations of root samples following a
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HNO3/HC1O, (v:v = 87:13) digestion procedure were then
determined with a flame atomic absorption spectropho-
tometer (FAAS) (Thermo Scientific iCE 3000). All chemical
analyses were performed in two duplicates. Analytical
quality control was achieved by digesting and analyzing
identical amounts of certificate reference material (CRM).
Recovery could then be determined. The quality of the
analyses in our laboratory was controlled, and the deviations
from the standard value were <5 % (Juang et al. 2012a).

Description of the biotic ligand models for copper
toxicity and accumulation

To evoke a biotic ligand model for Cu toxicity and accu-
mulation, we assume that metal toxicity and uptake in
plants are via the binding sites on root surfaces. Metal
binding on root surfaces can be characterized with a
competition concept of metals for binding sites, which has
been illustrated as the metal and biotic ligand complex
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(MBL) formation reaction with metal cation (M"") and
negative charged biotic ligand (BL™) on root surfaces
(Thakali et al. 2006a):

M"" + BL™ «> MBL. (2)

And the reaction equilibrium of metals and biotic ligands
can be denoted as

[MBL)

B Y]

(3)
where {M""} is the activity of free metal cations in
solution, [BL™] is the density of free biotic ligand on root
surfaces, and [MBL] is the density of the MBL complex on
root surfaces. The value of K,, is the formation constant of
the MBL complex. According to the formation reaction of
MBL complexes, the total density of biotic ligands (7BL)
can be expressed as

k
TBL = [BL™] + ) _ [M;BL] (4)
i=1
where [M;BL] indicates the density of biotic ligands bound by
different metal M; cations. Considering the competition of
Mg*" with Cu”* to bind on the biotic sites of grapevine root
surfaces, one can put Eq. (3) into Eq. (4) and yield the relation:

TBL = [BL™] (1 + Kyg{Mg*"} + K, {Cu*}). (5)

Then, the fraction (f) of the biotic ligands bound by Cu*"
can be derived from Eq. (5) and expressed as

[CuBL) Kc {Cu?}

= = . 6
f TBL 1+ Ky{Mg>*} + Kc, {Cu?*} ()

For modeling the Cu toxicity with consideration of Mg
effects by using a biotic ligand model, the value of fis taken
up to be related with toxicity symptoms. A logistic dose—
response relationship for testing Cu toxicity is stated as

Logit(100 — R) = B (f — fs0) (7)

where R is growth response as % of the control, f5q is the
fraction of the biotic ligands bound by Cu resulting in a
50 % response, and f3 is the shape parameter (Thakali et al.
2006a; Wang et al. 2012b). Logit(100 — R) is defined as
the natural logarithmic value of the ratio of 100 — R to R
(i.e., Ln[(100 — R)/R]). While putting Eq. (6) into Eq. (7),
one can re-express Logit(100 — R) as
Logit(100 — R)
iy KEACw) . ®)
~ I\ KD (Mg} + KL (G}
where K}, and K/, are the specific notations for K, and

K¢y, respectively, in modeling Cu toxicity. Equation 8
forms the mathematical basis of a BLM with consideration

of the competition between Mg>* and Cu®" on root surface
binding sites.

In order to model the Cu accumulation with consider-
ation of Mg effects by the BLM approach, the value of fis
taken up to be related with the Cu concentration in root
(Ctyoor). A Michaelis—Menten kinetic type absorption
model is stated as

Culnaxf
K+f

Clrpor = (9)
where Cu,,,, is the maximum Cu concentration in root and
K is the f value that is causing a half of Cu,,,,. While the Cu
concentration in the testing solution is very low, the density
of biotic ligands occupied by Cu*" is also very low. That
is,

[BL™] + [MgBL] > > [CuBL]. (10)
Thus, one can assume f < x to simplify Eq. (9) as
Cltyoor = 1f (11)

where n = Cu,,,/k. While putting Eq. (6) into Eq. (11),
given the consideration of Eq. (10), Cu,,,, can be rewritten
as

nkK2 {Cu*"}

—_— 12
1+ Ky (Mg?) (12)

Cltroor =
where Ky, and K¢, are the specific notations for Ky, and
Kc., respectively, in modeling Cu concentration in root
(i.e., accumulation). Equation 12 thus forms the mathe-
matical basis of a BLM with consideration of the compe-
tition between Mg>" and Cu?* on root surface binding
sites.

Determination of the parameters in biotic ligand models

According to the results of the Cu toxicity and uptake
experiments for grapevine cuttings, the model parameters
including f, fso, Kjy,» and K{, in Eq. (8) and n, Kj,, and
K2, in Eq. (12) can be determined by using the numerical
analyzing procedures. To obtain the values of f, fso, KATl ,
and K7, the effective activity of Cu resulting in a 50 %
reduction of root elongation (i.e., EAsp) can be included
into the relationship of Eq. (6), and then is given by

f50 N fs0Kiy
(1 _fSO)Kgu (1 _fSO)Kgu

If Cu toxicity to grapevine root elongations observed in
the experiment reliably follows the concept of biotic ligand
models, a linear relationship between EAsy and {Mg2+}
will be consistent with Eq. (13) (De Schamphelaere and
Janssen 2002). Linear regression analysis of EAsq versus

{Mg*"}. (13)
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{Mg*"} gives an intercept (I};,) and a slope (Sj,,), which
can be expressed as

J50
I, =—"" 14
Mg (1 — fso)KE, (14)
and
- fs0Kysg
Sy = 1o (15)

(1 = f50)K¢,

The value of K}, can thus be estimated by the ratio of Sj,,

to Iy,
S
Mg

Next, in order to obtain a reliable approximation of K7, to
fit the responses of grapevine root elongation observed in
the experiment, a simulation procedure to vary K7, in
Eq. (6) and generate f values with the data of responses of
grapevine root elongation and the determination of K Lg has
been proposed. A K7, can be chosen that as a result of the
best fit of the linear relationship between Logit(100 — R)
and f [Eq. (7)]. Finally, the best-fit parameters of f and
fso in Eq. (7) can be obtained with the choice of Kgu
(Lock et al. 2007a).

In addition, to estimate the values of n, K,"}g, and K2,
Eq. (12) can be rewritten as

(Gt} _
Curoot I’lKéu

1 K s
+ {Mg**}. (17)
nKéu

If Cu accumulation by grapevine roots observed in the
experiment confirmedly follows the concept of BLM, a
linear relationship between { Cu®"}/Cut,, and {Mg*"} will
be consistent with Eq. (17) (Cheng and Allen 2001). Linear
regression analysis of {Cu>"}/Cit, ., versus {Mg>*} gives
an intercept (Iflg) and a slope (Sf,,g), which are expressed as

1
A
IMngéu (18)
and

KA
R y—— 19
e i, "

The determination of Kf‘,lg can thus be given by the ratio of

A A
Shig 10 Iy

Sy
Ky, = ITg (20)
Mg

Next, in order to obtain a reliable approximation of K7, to
fit the Cu uptakes by root observed in the experiment, one
can use a simulation procedure to vary K¢, in Eq. (6) and
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generate f values with the data of root Cu concentrations
and the determination of Kj,. A K¢, can be chosen that is
the result of the best fit of the linear relationship between
Cut,0; and f [Eq. (11)]. Then, the best-fit parameters of n
can be obtained with the choice of Kéu.

Results and discussion

Magnesium effects on copper rhizotoxicity to grapevine
cuttings

The responses of RRE to the exposure sets of [Cu”] with
different coexistents [Mg”] were shown in Table 1. The
values of RRE seemingly decrease with an increase of
[Cu*"]. Compared with the control ([Cu*T] = 0 pM), the
lowest-observed-adverse-effect (LOAE) levels of [Cu2+]
were 5 UM while [Mg2+] was set as 0.2, 2, or 4 mM and
10 uM while [Mg*"] was set as 8 mM. Thus, for grapevine
cuttings, a significant reduction of root elongation would
result from an exposure of 5 pM Cu or higher. And
according to the relationship between {Cu”"} and RRE,
given a goodness-of-fit determination, the values of EAsg
obtained were 1.06, 2.13, 2.31, and 2.65 pM, respectively,
for {Mg”} being 0.1532, 1.1799, 2.0073, and 3.2821 mM.
In several previous studies (Thakali et al. 2006b; Lock
et al. 2007c; Luo et al. 2008; Wang et al. 2009), the Cu
toxicity to root elongation of barley and wheat resulted in
EAsy commonly lower than 1 pM. The present results
indicated that grapevine cuttings had a superior tolerance to
Cu compared with barley and wheat seedlings.

Moreover, to investigate the alleviation effects of Mg on
Cu toxicity, the relationship between EAsy and {Mg”}
was then shown in Fig. la. The linear model significantly
fitted to observations of EAsg versus {Mg”} showed that
EAsq increases with increments of {Mg2+} and seemingly
followed the statement of BLM in Eq. (13). Thus, the
amelioration effectiveness of Mg for grapevine cuttings
could arise from competition between Mg>" and Cu** on
the toxicity binding sites (i.e., the biotic ligands). It thus
shows promise of the prediction of Cu toxicity to grape-
vines by using the BLM approach. Nevertheless, the
deviant effects of high concentrations of coexistent cations,
such as that the curvature or downward tendency occurs
(Luo et al. 2008), should be of concern for adopting an
appropriate range of {Mg>"} with mitigating effects on Cu
toxicity. In the previous studies, the positively linear rela-
tionships between EAsy versus {Mg2+} were observed
within the ranges of {Mg”"} up to 2.5 mM for barley
(Lock et al. 2007c) and up to 1.5 mM for wheat (Luo et al.
2008). In this study there was a positively linear relation-
ship between EAs, versus {Mg2+} for grapevines within a
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Fig. 1 a 15-d EA5y of Cu and b the ratio of Cu activity to Cu
concentration in root, {Cu2+}/Cumo,, as a function of the Mg activity,
{Mg>"}, respectively, for grapevine cuttings

relatively wide range of {Mg*"} up to about 4.0 mM.
However, 4.0 mM {Mg**} will be rarely observed in soil
solutions, except for just after application of Mg.

Magnesium effects on copper accumulation
in grapevine roots

Copper concentrations in roots (Cu,,,,) absorbed from the
exposure sets of [Cu2+] with different coexistent [Mg2+]
were significantly increased by raising the exposure levels
of [Cu”™] (Table 1). Compared with the control
([Cu*™] = 0 uM), there were significant increases of
Cut,oo; under the exposure level of 5 M [Cu*] while
[Mg2+] was set as 0.2, 2, or 8 mM and under the exposure
level of 1 uM [Cu®"] while [Mg*"] was set as 4 mM.
There was a steep gradient of Cu,,,, during the range of
exposure levels from 1 to 10 pM [Cu?*"]. The present result
was consistent with the previous study (Juang et al. 2012a)
showing that Cu phytotoxicity was stimulated between

1 and 10 mM Cu in solution. The critical range of Cu
exposures resulting in high accumulations of Cu in roots
overlapped that resulting in dramatic decreases of RRE.
However, Cu concentrations in leaf (Cu,) shown in
Table 1 presented much lower than Cu,,,, under the same
Cu exposure levels. While [Mg2+] was set as 0.2, 4, and
8 mM, there was not significant difference among the
values of Cuy,s for different Cu exposure levels. The
moderately significant differences between Cuy,s were
only observed in the testing solution set at 2.0 mM [Mg**].
The findings indicate that grapevines may take the exclu-
sion strategy to avoid Cu translocation from roots to aerial
parts when exposed to excessive Cu (Juang et al. 2012a).

In addition, alleviation effects of Mg on Cu accumulation
by root were also found from the relation between (Cu*ty
Cu,pp; VETSus {Mg2+}, shown in Fig. 1b. However, as the
testing solution was set with 8 mM of [Mg*™], its {Mg>"}
was extremely high, which is rare in soil solutions. And a
positively liner relationship between {Cu2+}/Cu,,,,,, versus
{Mg”} was only satisfied within a range of {Mg”} up to
about 2.0 mM. Thus the testing solution sets with 0.2, 2, and
4 mM [Mg*"] were primarily regarded in modeling the
relationship between { Cu>*}/Cit, oo, and {Mg>"}. In Fig. 1b,
the linear model was significantly fitted to the relationship
between {Cu*"}/Cuiypp, and {Mg*"} and thus the present
result was consistent with the statement of Eq. (17). Then, the
reduction of Cu accumulation in root due to the increase of
Mg also could be illustrated by using the BLM approach.
Moreover, this finding was in agreement with the findings by
Cheng and Allen (2001), who suggested that the presence of
competing ions (e.g., Ca’") in nutrient solutions could
reduce Cu content in lettuce roots and then proposed a linear
relationship between {Cu®"}/Ct,o,, and {Ca*"}. In the
culture solution of this study, [Ca*"] was kept at 0.5 mM and
we only considered the effects of changing [Mg”"]. Never-
theless, there will be further studies to consider the effects of
[Ca*'] and to develop the relationship between {Cu?*}/
Cu,; and {Ca”} for grapevine plant.

Development of a Cu-BLM to predict copper
rhizotoxicity to grapevine cuttings

According to the BLM approach derived by De
Schamphelaere and Janssen (2002), BLM parameters can
be estimated from toxicity data alone for different coex-
istent cations respectively. Only the effects of Mg were
taken into account in this study, so the 15-d EAsqy of Cu for
RRE of grapevine cuttings was thus expressed as the linear
function of {Mg®"} shown as Fig. la. Then the BLM
parameter of K,ﬁ,g was obtained by Eq. (16) and its loga-
rithmic value of 2.58 was obtained. Next, other parame-
ters, Kgu, fs0, and b, were obtained and incorporated into
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Fig. 2 Comparison of predicted relative root elongations (RRE)
using the biotic ligand model and observed RRE of grapevine cuttings

the highest linear correlation between the generated f and
the Logit(100 — R) [Eq. (7)]. Finally, the logarithmic
value of Kgu(3.56) and the associated f5y and f (0.0046
and 213.96) were then used to build up the BLM of Cu
toxicity for grapevine [Eq. (8)]. Eventually, one can pre-
dict RRE to assess the root growth responses to Cu toxicity
with consideration of Mg alleviation effects. In an attempt
to examine the predictive capacity of the developed
Cu-BLM of toxicity, an auto-validation was carried out, as
shown in Fig. 2. The predicted values of RRE were plotted
against the observed values, clustering near the 1:1 line
indicating a reliable match between the predicted and
observed values of RRE. The dash lines indicating a
deviation of 25 % RRE between the predicted and
observed were plotted also. Most of the deviations
between the predicted and observed values of RRE were
<25 %, suggesting that the model is well-calibrated to the
BLM-development dataset. However, there were several
predicted values against observed values with high devi-
ations. The deviant phenomenon was referred to the
extreme observations of RRE (e.g., 122.01 and 187.08),
which in the pot experiment presented much higher
growth than the control (Table 1). On the other hand, there
were several low-valued RRE with prediction deviation
higher than 25 %. This was referred to the low-valued
observations of RRE (e.g., 17.80, 10.70, and 6.59), which
in the pot experiment presented a dramatic reduction of
growth with a moderate increase of [Cu”] (Table 1). This
revealed that the predictive capacity of the developed
Cu-BLM of toxicity for grapevines would be violated by
some extreme outcomes.

@ Springer

(a)

200

0.2 mM Mg
150 A 2.0 mM Mg

4.0 mM Mg

> 4 O @

8.0 mM Mg
o —— Response curve fitting

2 =0.7898 (p<0.001)

50 1

0 5 10 15 20 25 30
Total Cu (UM)

(b)

200

e 0.2mM Mg
150 - o 2.0mM Mg
v 4.0 mM Mg
A 8.0 mM Mg

o —— Response curve fitting
2 =0.8696 (p<0.001)

50 A1

20
Cu activity (UM)

(c)

200

e 0.2mM Mg

150 o 2.0mM Mg

v 4.0mM Mg
A 8.0 mM Mg

100 4 —— Response curve fitting

RRE (%)

r?=0.8873 (p<0.001)

50 1

0

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Fig. 3 Relative root elongations (RRE) of grapevine as the functions
of a total Cu concentration, b Cu activity, and ¢ fraction of the total
biotic ligands bound by Cu

In addition, a comparison of the total concentration
model (TCM), free ion activity model (FIAM), and BLM
for prediction of Cu toxicity to grapevines was carried out.
The dose-response relationships for Cu toxicity to grape-
vines were illustrated as RRE against [Cu2+], {Cu2+}, and
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f, respectively, in Fig. 3. In contrast, root growth responses
were much better correlated with {Cu*"} and f than
[Cu**]. Thus, the fraction of the biotic ligands bound by
Cu would be superior to the total Cu concentration and the
free Cu ion activity to express the Cu toxicity to grape-
vines. The coefficient of determination (+%) improved from
0.8696 for {Cu*"} to 0.8873 for f. This suggested that
compared with using FIAM, using BLM with consideration
of the competition mechanism between Mg>* and Cu”" at
the toxicity biotic ligands would be better for prediction of
Cu toxicity to grapevines.

Development of a Cu-BLM to predict copper
accumulation in grapevine roots

According to the linear relationship between {CU> Y Ctyp
versus {Mg*"} (shown in Fig. 1b), the parameter of Ky,
was determined by Eq. (20) and its logarithmic value was
2.35. Both parameters K4, and n were obtained given the
highest linear correlation between the calculated f and the
Ci,00; [Eq. (11)]. The logarithmic value of Kéu(4.29) and
the associated n (16,005.86) were then obtained to build up
the BLM of Cu accumulation by grapevine roots [Eq. (12)].
Eventually, one can predict the Cu concentration in
grapevine roots with consideration of Mg alleviation
effects. An auto-validation as shown in Fig. 4 was also
carried out to examine the reliability of the prediction of
Cu accumulation by grapevine roots with the developed
Cu-BLM. The predicted values of Cu,,, were plotted
against the observed values, clustering near the 1:1, line
indicating a reliable match between the predicted and
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Fig. 4 Comparison of predicted Cu concentrations using the biotic
ligand model and observed Cu concentrations in grapevine roots

observed values of Cu,,,. The dash lines indicating a
deviation of a factor of 3 between the predicted and
observed values were plotted also. The predicted Cu, .,
differed by a factor of <3 from the observed Cu,,,,. It
should be recognized, however, that the model is well-
calibrated to the BLM-development dataset.
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A comparison of TCM, FIAM, and BLM for prediction
of Cu accumulation by grapevine roots also was carried
out. The dose-response relationships for Cu accumulation
were illustrated as Cu,,,,; against [Cu*™], {Cu*T}, and f,
respectively in Fig. 5. In contrast, Cu,,,, was much better
linearly correlated with {Cu*"} and f than [Cu*"]. The
results evidenced that TCM could not predict Cu accu-
mulation very well, as many previous studies have shown
(Bell et al. 1991; Buckley 1994). In a comparison of FIAM
and BLM, the coefficient of determination (r2) improved
from 0.8093 for {Cu’>"} to 0.8952 for f. Thus, the fraction
of the biotic ligands bound by Cu may be superior to the
free Cu ion activity to express the Cu accumulation by
grapevine roots. This clearly suggests that compared with
using FIAM, using BLM with the assumption of the
competition mechanism between Mg®" and Cu?" at the
absorption biotic ligands would be better for prediction of
Cu accumulation.

Conclusions

The results of the present study suggest that Cu toxicity to
root elongation and Cu accumulation by grapevine roots
were modulated by both Cu”?" activity in solution and
competition between Mg®" and Cu®" at the biotic ligands.
According to the concept of BLM, competition between
Mg*" and Cu®" on the binding sites of plasma membranes
(i.e., the biotic ligands) could result in the amelioration
effectiveness of Mg on Cu toxicity and accumulation.
Therefore, the alleviations of Mg on Cu toxicity and
accumulation in grapevine roots were referred to the
competition between Mg®"™ and Cu®" on the biotic ligands
of root surfaces. The developed Cu-BLMs for grapevines
were validated to provide accurate predictions of Cu tox-
icity and accumulation in roots. To our knowledge, this is
the first report of the successful development of BLMs for
a woody plant. This shows promise that the BLM approach
may be widely applicable for various terrestrial plants.
Recently, the alternative approach, called the electrostatic
model (ESM), proposed to illustrate the alleviation of
metal toxicity by coexistent cations, has gained increasing
attention (Kopittke et al. 2011; Wang et al. 2011b). The
concept of ESM states that the negativity of electrical
potential of the plasma membrane is reduced by the addi-
tion of coexistent cations in bulk solution and then the
metal activity on the plasma membrane diminishes. Wang
et al. (2012a) have suggested that the possibility of the
competition assumption by BLM could not be excluded
from metal toxicity assessment, and then proposed the
integration of BLM and ESM to predict metal toxicity
thresholds (i.e., EAsy). For further studies in future, the
results of our study could be the pioneering information for
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integration of BLM and ESM to model metal toxicity in
woody plants.

Nevertheless, different approaches are adopted for
assessing metal toxicity and uptake in hydroponic and soil
cultures (Zabtudowska et al. 2012; Tavakkoli et al. 2012).
In hydroponic, metal toxicity and uptake are directly
influenced by the intensity of metal in solution (i.e., metal
concentration or activity) (Kopittke et al. 2010). However,
in soil, the metal source of toxicity and uptake is not only
from solution but also from the replenishment of soil solid.
Metal toxicity and uptake are governed by the available
quantity (or called availability) of metal in soil (i.e., soluble
and replenished metals). Currently the contribution of
replenishment of metal from soil solids to phyto-toxicity
and —accumulation has been studied frequently for differ-
ent metal species and soils (Udovic and Lestan 2009; Singh
and Agrawal 2010; Juang et al. 2012b).

Acknowledgments This research was sponsored by the National
Science Council, Taiwan under Grant Nos. NSC 98-2313-B-451-004-
MY3 and NSC 97-2313-B-415-009-MY3. We also thank the anony-
mous reviewers for providing many constructive comments.

References

Antunes PMC, Berkelaar EJ, Boyle D, Hale BA (2006) The biotic
ligand model for plants and metals: technical challenges for field
application. Environ Toxicol Chem 25:875-882

Antunes PMC, Scornaienchi ML, Roshon HD (2012) Copper toxicity
to Lemna minor modeled using humic acid as a surrogate for the
plant root. Chemosphere 88:389-394

Bell PF, Chaney RL, Angle JS (1991) Free metal activity and total
metal concentrations of micronutrient availability to barley
Hordeum vulgare (L.) cv “Klages”. Plant Soil 130:51-62

Buckley JA (1994) The bioavailability of copper in wastewater to
Lemma minor with biological and electrochemical measures of
complexation. Water Res 28:2457-2467

Chaignon V, Sanchez-Neira I, Jaillard B, Hinsinger P (2003) Copper
bioavailability and extractability as related to chemical proper-
ties of contaminated soils from a vine-growing area. Environ
Pollut 123:229-238

Cheng T, Allen HE (2001) Prediction of uptake of copper from
solution by lettuce (Lactuca sativa Romance). Environ Toxicol
Chem 20:2544-2551

De Schamphelaere KAC, Janssen CR (2002) A biotic ligand model
predicting acute copper toxicity for Daphnia magna: the effects
of calcium, magnesium, sodium, potassium, and pH. Environ Sci
Technol 36:48-54

Gustafsson JP (2007) Visual MINTEQ version 2.53. http://www.
Iwr.kth.se/English/OurSoftware/vminteq/

Juang KW, Lee YI, Lai HY, Wang CH, Chen BC (2012a) Copper
accumulation, translocation, and toxic effects in grapevine
cuttings. Environ Sci Pollut Res 19:1315-1322

Juang KW, Ho PC, Yu CH (2012b) Short-term effects of compost
amendment on the fractionation of cadmium in soil and
cadmium accumulation in rice plants. Environ Sci Pollut Res
19:1696-1708

Komadrek M, Vanék A, Chrastny V, Szdkova J, Kubova K, Drahota P,
Balik J (2009) Retention of copper originating from different


http://www.lwr.kth.se/English/OurSoftware/vminteq/
http://www.lwr.kth.se/English/OurSoftware/vminteq/

Alleviation effects of magnesium on copper toxicity

183

fungicides in contrasting soil types. J Hazard Mater 166:
1395-1402

Kopittke PM, Blamey FPC, Asher CJ, Menzies NW (2010) Trace
metal phytotoxicity in solution culture: a review. J Exp Bot
61:945-954

Kopittke PM, Kinraide TB, Wang P, Blamey FPC, Reichman SM,
Menzies NW (2011) Alleviation of Cu and Pb rhizotoxicities in
cowpea (Vigna unguiculata) as related to ion activities at root-
cell plasma membrane surface. Environ Sci Technol 45:
4966-4973

Lai HY, Juang KW, Chen BC (2010) Copper concentrations in
grapevines and vineyard soils in central Taiwan. Soil Sci Plant
Nutr 56:601-606

Lock K, De Schamphelaers KAC, Because S, Criel P, Van Eeckhout
H, Janssen CR (2007a) Development and validation of a
terrestrial biotic ligand model predicting the effect of cobalt on
root growth of barley (Hordeum vulgare). Environ Pollut
147:626-633

Lock K, Van Eeckhout H, De Schamphelaere KAC, Criel P, Janssen
CR (2007b) Development of a biotic ligand model (BLM)
predicting nickel toxicity to barley (Hordeum vulgare). Chemo-
sphere 66:1346-1352

Lock K, Criel P, De Schamphelaere KAC, Van Eeckhout H, Janssen
CR (2007c) Influence of calcium, magnesium, sodium, potas-
sium and pH on copper toxicity to barley (Hordeum vulgare).
Ecotoxicol Environ Saf 68:299-304

Luo XS, Li LZ, Zhou DM (2008) Effect of cations on copper toxicity
to wheat root: implications for the biotic ligand model.
Chemosphere 73:401-406

Mertens J, Degryse F, Springael D, Smolders E (2007) Zinc toxicity
to nitrification in soil and soilless culture can be predicted with
the same biotic ligand model. Environ Sci Technol 41:
2992-2997

Mirlean N, Roisenberg A, Chies JO (2007) Metal contamination of
vineyard soils in wet subtropics (Southern Brazil). Environ
Pollut 149:10-17

Singh RP, Agrawal M (2010) Variations in heavy metal accumula-
tion, growth and yield of rice plants grown at different sewage
sludge amendment rates. Ecotox Environ Saf 73:632-641

Stefanelli D, Fridman Y, Perry RL (2009) DigiRoot™: new software
for root studies. Eur J Hortic Sci 74:169-174

Tavakkoli E, Fatehi F, Rengasamy P, McDonald GK (2012) A
comparison of hydroponic and soil-based screening methods to
identify salt tolerance in the field in barley. J Exp Bot
63:3853-3868

Thakali S, Allen HE, Di Toro DM, Ponizovsky AA, Rooney CP, Zhao
FJ, McGrath SP (2006a) A terrestrial biotic ligand model. 1.
Development and application to Cu and Ni toxicities to barley
root elongation in soils. Environ Sci Technol 40:7085-7093

Thakali S, Allen HE, Di Toro DM, Ponizovsky AA, Rooney CP, Zhao
FJ, McGrath SP, Criel P, van Eeckhout H, Janssen CR, Oorts K,
Smolders E (2006b) Terrestrial biotic ligand model. 2. Appli-
cation to Ni and Cu toxicities to plants, invertebrates, and
microbes in soil. Environ Sci Technol 40:7094-7100

Udovic M, Lestan D (2009) Pb, Zn and Cd mobility, availability and
fractionation in aged soil remediated by EDTA leaching.
Chemosphere 74:1367-1373

USEPA (2007) Biotic ligand model: technical support document for
its application to the evaluation of water quality criteria for
copper. The Office of Science and Technology, Health and
Ecological Criteria Division, US Environmental Protection
Agency, Washington DC

Van Sprang P, Vangheluwe M, Van Hyfte A, Heijerick D, Vanden-
broele M, Verdonck F (2007) European union risk assessment
report: Copper, copper(Il) sulphate pentahydrate, copper(I) oxide,
copper(Il) oxide, dicopper chloride trihydroxide. Voluntary risk
assessment, Environmental effects. Chapter 3.2, Part 1. Euro-
pean Copper Institute, Brussels, Belgium

Van Zwieten L, Rust J, Kingston T, Merrington G, Morris S (2004)
Influence of copper fungicide residues on occurrence of earth-
worms in avocado orchard soils. Sci Total Environ 329:29-41

Wang X, Ma Y, Hua L, McLaughlin MJ (2009) Identification of
hydroxyl copper toxicity to barley (Hordeum vulgare) root
elongation in solution culture. Environ Toxicol Chem 28:
662-667

Wang P, Kinraide TB, Zhou DM, Kopittke PM, Peijnenburg WIGM
(2011a) Plasma membrane surface potential: dual effects upon
ion uptake and toxicity. Plant Physiol 155:808-820

Wang P, Kopittke PM, De Schamphelaere KAC, Zhao FJ, Zhou DM,
Lock K, Ma YB, Peijnenburg WJGM, McGrath SP (2011b)
Evaluation of an electrostatic toxicity model for predicting Ni**
toxicity to barley root elongation in hydroponic cultures and in
soils. New Phytol 192:414-427

Wang P, De Schamphelaere KAC, Kopittke M, Zhou DM, Peijnen-
burg WIGM, Lock K (2012a) Development of an electrostatic
model predicting copper toxicity to plants. J Exp Bot 63:
659-668

Wang X, Hua L, Ma Y (2012b) A biotic ligand model predicting
acute copper toxicity for barley (Hordeum vulgare): influence of
calcium, magnesium, sodium, potassium and pH. Chemosphere
89:89-95

Wu Y (2007) Bioavailability and rhizotoxicity of trace metals to pea:
development of a terrestrial biotic ligand model. Ph.D. thesis,
McGill University, Ottawa, Canada

Zabludowska E, Kowalska J, Jedynak £, Wojas S, Sktodowska A,
Antosiewicz DM (2012) Search for a plant for phytoremedia-
tion—what can we learn from field and hydroponic studies.
Chemosphere 77:301-307

@ Springer



	Alleviation effects of magnesium on copper toxicity and accumulation in grapevine roots evaluated with biotic ligand models
	Abstract
	Introduction
	Materials and methods
	Preparation of grapevine cuttings and experimental design
	Copper toxicity test with the root elongation of cuttings
	Determination of copper contents in the roots of cuttings
	Description of the biotic ligand models for copper toxicity and accumulation
	Determination of the parameters in biotic ligand models

	Results and discussion
	Magnesium effects on copper rhizotoxicity to grapevine cuttings
	Magnesium effects on copper accumulation in grapevine roots
	Development of a Cu-BLM to predict copper rhizotoxicity to grapevine cuttings
	Development of a Cu-BLM to predict copper accumulation in grapevine roots

	Conclusions
	Acknowledgments
	References


