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Abstract: Zinc (Zn) and arsenic (As) occur as mixed contaminants in soil and the interactions between
them remain unclear. Here, we investigated a Zn2+ and H2AsO4

− mixture interaction and their effects
on plant growth. Three different soils were spiked with ZnCl2 and NaH2AsO4, each dosed singly or in
combination. The soils were leached to remove excessive salt and were aged (>7 days), before toxicity
testing using a 5-day root elongation of barley (Hordeum vulgare L.). In the single treatments, the 50%
inhibitory effect concentrations in the soil (EC50, total measured concentration) were 2000–3800 mg
Zn kg−1 and 96–620 mg As kg−1, depending on the soils. The mixture analyses based on the total
concentrations showed overall and significant Zn–As antagonism in two soils, either based on the
concentration addition (CA) or independent action (IA) model, whereas no significant interactions
(either CA or IA) were found in one soil, which had the lowest content of Fe-oxides. The soil solution
composition showed a decreased As concentration upon the addition of ZnCl2 at an equal soil As
total concentration; however, the reverse was not found, in line with the cation–anion electrostatic
interaction or formation of ternary surface complexes on Fe-oxides. The data revealed that the Zn–As
antagonisms (total concentrations) are partially related to the increased Zn immobilizing As in soil.
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1. Introduction

Zinc (Zn) and arsenic (As) are moderate to minor natural soil constituents, with background
concentration in the range of 10–300 mg kg−1 for Zn and 0.1–80 mg kg−1 for As [1]. Zinc is an essential
nutrient for plants and animals, but high Zn concentrations in soils may exert toxic effects on plants and
soil microbial activity, affecting the soil fertility and crop yields under prolonged exposure [2]. Arsenic
is a non-essential trace element with well-known toxic effects on plants and animals [3]. The toxic
threshold values for these elements range between 60–14,000 mg Zn kg−1 soil and 5–200 mg As kg−1

soil [4,5]. Such thresholds can be exceeded in many locations, not only related to point pollution
and mining activities, but also in the regions with geogenic anomalies [1,6]. Zinc and arsenic often
occur as mixed contamination in the soils affected by industrial processes, such as pyro-metallurgical
production, nonferrous mineral mining, coal, oil and wood combustion, and cement and phosphate
fertilizer production [7].

The toxicity of the mixtures is affected by the joined effects, but may be modulated by interactions
among the components [8]. The mixture effects can be calculated from the doses of each constituent
with either the concentration addition (CA) or from the corresponding effects of the doses with the
independent action (IA) reference model. The theoretical frameworks are outlined in several classical
reviews [9,10]. The CA model is generally applied to the toxicants with a similar mode of action, while
the IA model is applied when the mode of action is suspected or known to be different [8]. Deviations
from the model predictions are classified as synergistic or antagonistic interactions, depending on the
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direction of the deviation. Metal mixtures are frequently studied and the CA model has been shown to
produce conservative toxicity predictions in most cases [11]. Many studies have been performed with
mixtures of cationic metals [12]. In contrast, only a few metal and metalloid mixture toxicity studies
have focused on Zn and As interactions, therefore, their joint toxic effects remain unclear.

The soil chemical interactions suggest that Zn and As do not act independently. Zinc in soils is
present as a cation (Zn2+), with a pronounced pH dependent sorption on organic matter and on Fe +
Al oxyhydroxides [1,13]. In well aerated soils, As is present as As(V), that is, different anions of AsO4

(e.g., H2AsO4
−) with a strong sorption on Fe–Al oxyhydroxides, and with phosphate (PO4) anions

or organic matter as competing compounds [14]. Increasing the soil Zn decreases the As solubility
in soil [15,16], whereas increasing the AsO4 decreases the Zn solubility, and has also been shown in
studies using Fe-oxides as adsorbents [17,18]. This may occur because of the precipitation of zinc
arsenate or because of the formation of ternary Zn–As-(hydro)oxides complexes. In principle, mere
electrostatic interactions can also explain such trends, that is, increasing the Zn2+ sorption on Fe–Al
oxyhydroxides increases the positive electrical potential, facilitating the sorption of anionic AsO4.

Limited evidence suggests the toxic interactions of Zn and As in soil. Das et al. [19,20] measured
the effects of the Zn and As co-occurrence on the rice grain yield in a field experiment with As
contaminated submerged soils. Increasing the Zn application enhanced the yield, which was related to
a reduced soil As solubility upon the Zn addition. In the nutrient solution, Patel et al. [21] reported the
positive effect of the Zn addition (25 mg Zn L−1) on mung bean seeds germination exposed to test
solutions with increasing As concentrations (0–250 mg As L−1). In none of such As toxicity studies,
was the Zn toxicity analyzed. We previously reported Zn and As toxicity on barley root elongation in
solution culture experiments, where single toxicities were used to predict the responses to different
mixture combinations [22]. The similar predictions obtained by the CA and IA models did not allow
the identification of either equal or dissimilar modes of action, but the additive toxicity dominated
the mixtures according to both models. Kader et al. [16] studied the effects of the added Zn on the As
solubility in a soil solution, its toxicity, and the As bioaccumulation in cucumber plants. They applied
increasing As doses at three different Zn levels (background, EC10, and EC50) in five soil types. The soil
solution As concentrations inversely varied with the Zn level, confirming the interactions described
above. The growth of cucumber seedlings was impacted by As and by Zn. The effect on growth related
to the soil solution, and As showed mere additive response (IA) of Zn to As in four of the five soils, and
synergism according to the IA in one soil. That study did not analyse the CA or IA concept applied to
the (conventional) total concentration in the soil. In addition, that study did not analyse the interaction
of As on Zn toxicity (i.e., the interaction in the reverse direction).

This study was set up to identify the type and magnitude of the Zn–As toxic interactions on
soil-grown plants, with attention to interactions related to the soil chemical ones. As the Zn2+ enhances
the sorption of H2AsO4

− in soil, we speculate an overall antagonistic interaction when using total
Zn and As concentrations in soil, but that the toxic concentrations expressed as dissolved elements
in soil will predict additive effects, resembling the results found in hydroponics [22]. The soils with
different chemical properties were used to vary the type of interactions on the solid phase. It is well
established that the toxic effects of the cationic Zn2+ decrease as the soil cation exchange capacity (CEC)
increases [23], while the toxic effects of the anionic H2AsO4

− decrease as the concentration of Al and
Fe oxides increases [24].

2. Materials and Methods

2.1. Experimental Design

Three soils were selected to investigate the mixture toxicity of Zn and As to barley
(Hordeum vulgare L.) in a 5-day root elongation test. The experimental set up consisted of a fractional
factorial design and a ray design (Figure 1), including a control treatment and six dose levels of each
mixture component yielding 29 combinations of Zn and As doses, which were simultaneously applied
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on each soil in the triplicates. The ray design is typically set up to test the CA model, whereas the
restricted factorial compares the effect of one toxicant in the presence or absence of a fixed dose of the
other one, sensitively testing the validity of the IA model.
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Figure 1. Selected zinc (Zn)–arsenic (As) treatments for each experimental soil. The experimental
design includes a fractional factorial (solid lines) and a concentration gradient (dashed line). The single
Zn and As initial addition were the same for the three experimental soils. The selected treatments to
measure the Zn and As in the soil solution are marked with (*).

2.2. Soil Samples

The soils came from different mining sites in Mexico where Zn–As contamination occurs. These
soils were selected as reference (least enriched) soils, based on their different Zn and As background
concentrations and physico-chemical properties. A preliminary toxicity test was carried out to confirm
that the barley plants were able to grow, despite the highly original, likely geogenic, total soil Zn
and As concentrations. Additionally, the soil solution Zn and As concentrations in the control
treatments were about two orders of magnitude lower than the previously reported phytotoxic
dissolved concentrations [22].

The experimental soils were sampled in 2014 at three major mining districts in the central region
of Mexico, Zimapan, soil 1 (S1); Pozos, soil 2 (S2); and Taxco, soil 3 (S3). The collected soils belong
to the reference soil groups of Vertisols, Regosols/Leptosols, and Pheozems, according to the Word
Reference Base soil classification system WRB-2014 [25]. The sampling points were systematically
located on positive slopes at least 100 m away from the mining-waste pool edges. The soil samples
consisted of about 20 kg of top soil (0–20 cm depth) taken after cleaning the shallow litter. All of the
soils were air dried, sieved at 4 mm, and mixed to ensure homogeneity. The soils were stored at room
temperature, in dry and dark conditions.

2.3. Stock Soils and Soil Treatments

The different Zn and As treatments were prepared by mixing highly Zn or As spiked soils, referred
to here as stock soils, with uncontaminated soils in various proportions. Firstly, the Zn and As spiked
stock soils were prepared. Two kilograms of each soil were mixed with deionized water (0.2 L kg−1)
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and pre-incubated for 7 days at 20 ◦C, to restore the microbial activity. Then, the Zn stock soils were
prepared by spiking 1 kg of each soil with 500 mL of a ZnCl2 solution with a nominal concentration of
40 g Zn L−1, thereby obtaining a nominal Zn concentration of 20 g Zn kg−1 oven dry soil. Similarly,
the As stock soils were obtained by spiking 0.5 kg of each soil with 250 mL of a Na2HAsO4·7H2O
solution with nominal concentration of 20 g As L−1, thereby obtaining a nominal As concentration
of 10 g As kg−1 oven dry soil. In addition, the stock soils for the highest Zn–As mixture dose were
prepared by adding 175 mL of the 40 g Zn L−1 solution and 376 mL of the 20 g As L−1 solution to
500 g of each soil, thereby obtaining nominal concentrations of 14 g Zn and 15 g As kg−1 dry soil.
The stock soils were homogenized and incubated at 20 ◦C for 7 days. After the incubation time,
the stock soils were leached to remove salt excess, due to the spiking. Artificial rain water (pH 5.9)
containing (in mmol L−1) 0.5 CaCl2, 0.5 Ca(NO3)2, 0.5 MgCl2, 1.0 Na2SO4, and 1.0 KCl was used to
perform the leaching procedure, as described by Smolders and Oorts [26]. Next, the soils were dried
under artificial light at 23 ◦C for 1 day. The dried spiked soils were mixed with deionized water to
reach a gravimetric moisture content of 0.2 L kg−1.

After incubation and leaching, the spiked and un-spiked soils were mixed at different ratios
to prepare every single and mixture treatment, as shown in Figure 1. All of the soil treatments
were amended with 4 mM KNO3 and 0.25 mM KH2PO4 solutions to reach final concentrations of
100 mg N kg−1 soil and 50 mg P kg−1 soil. Each treatment was homogenized by hand mixing, stored
at 20 ◦C in 1 L closed plastic pots, and incubated for one more week. At the end of this last incubation
time, the soil samples of all of the treatments were divided in three 50 mL (30 mm diameter × 115 mm
length) plastic tubes for further use in the root elongation test.

2.4. Root Elongation Test

Summer barley seeds (Hordeum vulgare L.) were pre-germinated on moistened filter paper for
48 h, under dark conditions at 25 ◦C. Three pre-germinated seedlings of a similar root length (mean
of initial root length: REinitial~1.2 cm) were selected and placed beneath the soil surface of each tube,
covering the surface with a layer of polyethylene beads to reduce water loses by evaporation. All of
the tubes were randomly placed in a growth chamber (Weiss Technik, Ebbw Vale, UK), with a 16–8 h
day–night cycle (20–16 ◦C corresponding temperatures), a photosynthetic photon flux density of
570 µmol m−2 s−1, and a relative humidity at 75%. The plants were grown for 5 days. The tubes were
watered daily by adding deionized water, and the water addition was controlled by weight. On the
6th day the soil was removed from the plastic tubes and the roots were recovered, cleaned, and their
length was recorded. The net root elongation (NRE; cm) was obtained by subtracting the mean REinitial
from the final root length of the longest root of each plant (REend).

The tube averaged NRE was the endpoint of each replicate and was normalized to the control
value, that is, the relative root elongation (RRE; %), was calculated as the NRE of a treatment (NREt)
relative to the average net root elongation of the of the corresponding soil control treatment (no Zn or
As added) (NREc), and expressed as a percentage, as follows:

RRE(%) =
NREt

NREc
× 100 (1)

2.5. Soil Analyses

Selected soil properties were determined on 2 mm sieved subsamples, including the soil pH,
effective cation exchange capacity (eCEC), oxalate extractable iron oxy-hydroxides (FeOx), total carbon
(TC), inorganic carbon, and total metal concentrations. The measured properties are shown in Table 1
and the measurement details are specified in the Supplemental Information, Table S1.

The subsamples of each soil treatment were analyzed for their total Zn and As concentrations
using inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo-Fisher Scientific
ICAP 7000, Massachusetts, USA) after hot acid digestion. After the root elongation test, 8 mL of
deionized water was added to 25 g of the homogenized soil subsamples of the selected treatments
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(indicated in Figure 1), mixed, and incubated in 50 mL closed plastic tubes for 2 days [27]. The soils
were centrifuged (15 min at 2200 g) and the soil solutions (pw) were recovered and filtered through
a 0.45 µm filter. The filtered soil solution solutions were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent 7700x, Santa Clara, CA, USA) for macro (K, Ca, Mg, and P) and
micro (Fe, Mn, Cu, and Mo) nutrients and for Zn and As concentrations. Arsenic was measured at m/z
75 with use of helium gas in a collision cell to remove possible mass interferences (i.e., Ar–Cl from
ZnCl2 spiking).

Table 1. Selected chemical properties for the three soils.

Soil
pH TOC a eCEC b Fe c Al c Zn d As d

(CaCl2) (%) (cmolc kg−1) (mg kg−1) (mg kg−1)

S1 6.9 0.9 43 2200 1500 1400 240
S2 6.9 3.1 18 920 1200 90 20
S3 6.8 1.8 17 1700 870 350 70

a TOC: Total organic carbon. b eCEC: Effective cationic exchange capacity. c Amonium oxalate extractable iron or
aluminium on dry mass basis. d Background total metal concentration on dry mass basis. Zn—Zinc; As—arsenic.

2.6. Single and Mixture Toxicity Models

The Zn and As dose–response curves for each soil were obtained by fitting the experimental data
of the singly dosed series (expressed as total or dissolved concentrations) and the root response (i.e.,
RRE(%) values) to the log-logistic dose–response model [28] using JMP Pro 13.1.0 (SAS Institute, Cary
NC, USA, 2016), as follows:

RRE(%) =
100

1 +
( ci

EC50
)β

(2)

where ci is the measured Zn or As concentration for a specific treatment, expressed either in mg kg−1

for the total soil concentrations, or in µmol L−1 for the soil solution dissolved concentrations. The fitted
parameter, β, is the slope, and EC50 is the effective concentration causing the 50% inhibitory effect.

The mixture toxicity assessment was performed by applying the reference models of the
concentration addition (CA) and independent action (IA). Under the CA model, a similar mode
of action for Zn and As is assumed. This model calculates the effect from the sum of the toxic units
(TU), with one TU equal to the EC50 value of each contaminant; the TUs can be summed and if the
toxicants act additively, the following condition holds:

∑ TU = TUZn + TUAs =
cZn

EC50Zn
+

cAs
EC50As

= 1 (3)

Expressing this in terms of the RRE (Equation (2)) yields is as follows:

∑ TU =
cZn

EC50Zn

( 100−RREpred
RREpred

) 1
βZn

+
cAs

EC50As

( 100−RREpred
RREpred

) 1
βAs

= 1 (4)

Equation (4) can be used expressing the Zn and As doses as the total concentrations (mg kg−1

soil) or dissolved concentrations (µmol L−1 pw). Equation (4) was used to predict the CA relative
root elongation values (RREpred, %) from the doses of Zn and As, using the SOLVER function in Excel,
under this ΣTU = 1 assumption.

Under the IA model, the effect is predicted from the principle of multiplying the non-effect
fractions [29], that is:

%RREpred =
%RREZn × %RREAs

100
(5)

With %RREZn and %RREAs as the predicted relative root elongation when exposed singly to Zn
or As (Equation (2)), with doses expressed as either mg kg−1 soil or µmol L−1 pw.
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The more-than additive (synergism) or less-than additive (antagonism) deviations were evaluated
following the Jonker MIXTOX model [30]. This approach applies the CA or IA reference models on the
whole data set. The original models are modified with a parametric function (G) that depends on the
expression of the mixture components, whether as relative toxic units (zi in Equation (6)) for the CA
model, or as individual effects (qi, in Equation (7)) for the IA model.

zi =
TU50i

∑ TU50
(6)

qi =
1

1 +
(

Ci
EC50i

)βi
(7)

with TU50i being the TU of component i causing the 50% of effect.
The expression of G in the Mixtox model depends on the selected toxic model, and the involved

parameters depend on a specific deviation pattern (Table S2). Parameter (α), accounts for significant
synergistic or antagonistic deviations from the predicted responses. Parameter (β) evaluates if the
significant deviations depend on the dose level (DL). Parameter (βi) reveals deviations depending on
the dose ratio (DR) and is related to a specific mixture component [31,32]. All of the parameters were
evaluated by solving the modified CA and IA models with the SOLVER function in Excel, applying the
corresponding additivity assumptions. Finally, the extended reference models were compared using a
χ2 statistic test to find significant (p < 0.05) improvements in the model [30].

3. Results

3.1. Soil Samples and Zn–As Treatments

The three soils all had a neutral pH (Table 1). The pH after the soil spiking and leaching increased
up to 7.3 ± 0.1, except for those at the highest mixture doses, which consistently presented pH values
of 6.4 ± 0.4. The oxalate-extractable Fe concentration (i.e., active oxy-hydroxides [FeOxOH]) decreased
S1 > S3 > S2. The total organic carbon content (on a dry weight basis) was the lowest for S1 and
the highest for S2. The effective CEC of S1 was the highest, and comparable for soils S2 and S3.
Immediately after spiking, the total Zn and As concentrations of the stock soils were close to the
nominal values, but leaching largely reduced the total Zn to 45% of the initial content, while As was
depleted to 20% of the initial content. The measured total Zn and As concentrations for all of the soil
mixtures (i.e., the soil treatments) are shown in Table S3.

3.2. Root Elongation

The averaged net root elongation (NRE) responses of all of the treatments are shown in Table S4.
The barley NRE in the control treatments of the soils S1 (9.6 ± 1 cm) and S3 (9.1 ± 2 cm) were
significantly lower (p < 0.05) than that of S2 (11 ± 1 cm). The lowest single Zn total concentration above
which the root elongation was reduced, compared to the control (p < 0.05, Dunnett test), was 1300 mg
Zn kg−1 for soil S3, and 2100 mg Zn kg−1 for soils S2 and S1; soil S1 had the highest eCEC. For the total
As single doses, significant NRE inhibition started from 55 mg As kg−1 in S2, the lowest Fe containing
soil, and from 604 mg As kg−1 in S1, the soil with highest FeOx concentration. The total (mg kg−1)
concentrations of the single Zn and As were used to obtain dose–response curves according to the
log-logistic model in Equation (2) (Table 2 and Figure S1). The Zn EC50 value for S3 was significantly
lower than those of S2 and S1, while the total As EC50 was significantly higher for S1 compared with
S2 and S3. Note the large impact of the background concentration on the EC50 of As, is as follows: if
the EC50 values are background corrected, then the added As concentrations reducing 50% of the NRE
are (in mg As kg−1) 415 (S1), 84 (S2), and 26 (S3) (i.e., more largely varying among the soils than the
total concentrations). In Table S5, different expressions of Zn and As EC50 concentrations can be seen.
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Table 2. Log-logistic dose–response parameters for single Zn and As treatments. Doses are expressed in mg kg−1 for the soil total concentrations and in µmol L−1 for
the dissolved concentrations in the soil solution.

Soil Soil Total Concentration Dose Expression (mg kg−1)

Zn As

EC50 LCL a UCL b β LCL UCL EC50 LCL UCL β LCL UCL

S1 4200 3800 4700 2.8 2.3 3.6 650 690 8 5.6
S2 3400 3000 3800 3.4 2.8 4.5 110 98 110 3.4 2.8 4.2
S3 2100 1900 2300 1.7 1.5 1.9 100 91 100 6.2 4.2 12

Soil Solution Concentration Dose Expression (µmol L−1)

Zn As

EC50 LCL UCL β LCL UCL EC50 LCL UCL β LCL UCL

S1 180 400 0.8 0.6 110 73 190 0.9 0.6
S2 280 150 800 1.0 0.8 1.8 40 31 52 1.2 1 1.5
S3 27 20 1.4 2.4 3.5 2.8 1.8 1.2
a LCL: lower confidence limit for a 95% confidence interval. b UCL: upper confidence limit a 95% confidence interval. EC = effect concentrations.
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A strong toxic antagonism was found in the mixture treatment, either analyzed on the ray
treatments (first indication), on the restricted factorial treatments (second indication), or on all of the
treatments combined (third indication). Firstly, the ΣTU50 values obtained from the simultaneously
increasing doses (the ray series in Figure 1) are of 1.4 for S1, 1.5 for S2, and 3.8 for S3 (details not shown).
According to the CA model, ΣTU50 values >1 indicate antagonism. Secondly, the mixture treatments
corresponding to the restricted factorials in Figure 1 test the effect of a fixed dose of one component on
the EC50 of the other. This approach represents the toxic additivity concept according to the IA model.
In this case, the NRE of the zero added Zn at a fixed As was the reference to calculate the RRE for the Zn
treatment series and vice versa. That analysis showed that increasing the Zn at a fixed As concentration
produced Zn EC50 values (>3700 mg Zn kg−1 soil) higher than the corresponding values without
the As addition for S2 and S3, indicating the antagonism of As on Zn toxicity. Conversely, increasing
the As doses at a fixed Zn concentration yielded an As EC50 larger than the single As, only for S1
(>800 mg As kg−1 soil), and not for the other soils, suggesting that the antagonism according to the IA
model is not identical in both directions (details not shown). Thirdly, the analysis of all of the mixture
treatments together confirmed the overall antagonism. Figure 2 shows that the 50% RRE is obtained
at ΣTU > 1 for the mixture treatments (red-dotted curve), with effects found at ΣTU50 = 1.5 (S1), 1.1
(S2), and 2.5 (S3). Finally, the observed RRE values were compared with the CA and IA predicted
RRE using the data of all of the mixture treatments (Figure 3). The CA consistently predicted larger
effects in a higher number of treatments than the IA model for the total concentration expression.
The significance of the interaction can be evaluated using the 95% confidence interval (95% CI) of
the observed responses. In this way, 80% of the predicted responses with the CA model were below
the observed responses (1:1 line) in Figure 3, with major occurrence in soils S1 and S3. The predicted
responses under the IA model showed a smaller number of antagonistic cases, but still above 50% of
the mixtures. The additional analysis under the MixTox model was used to evaluate the departures
from additivity [30]. The introduction of additional parameters to the original model improved the fit
in all cases. The values of the a parameters (Table 3) confirmed statistically significant antagonism in
soils S1 and S3, but not in soil S2.

Table 3. Obtained parameters from fitting experimental data to the different MixTox-model expanded
functions, using the soil total element concentrations as the dose expressions.

Soil
Parameter a †

Interpretation of Interactions
CA IA

S1 2 ** 10 * Significant antagonism according to CA and IA
S2 0.3 0.0 No significant interaction according to CA and IA
S3 11 * 0.5 ** Significant antagonism according to CA and IA

† Parameter a > 0 implies antagonism. CA: Concentration addition model. IA: Independent action model. * p < 0.05.
** p < 0.01.

3.3. Zinc and As Concentrations in Soil Solution

The zinc and arsenic single concentrations in the soil solution increased with the increasing doses
(Table S6). The solubility interactions between Zn and As were detected in the mixture treatments
(Figure S2, Table S7). For all of the soils with a high Zn (>1400 mg kg−1 for S1, >320 mg kg−1 for S2,
and >450 mg kg−1 for S3) exhibited reduced dissolved As concentrations when compared with similar
single As treatments. These interactions were more pronounced in the mixtures with high Zn and As.
In contrast, increasing the total As did not show a consistent effect on the dissolved Zn concentrations
in relation to the corresponding single Zn treatments; only S2 showed reduced dissolved Zn when the
As total concentration is >370 mg kg−1, while other variations are more likely related to the differences
between the total concentrations of single and mixture treatments.
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Figure 3. Predicted vs. observed relative responses under the two principal reference models,
concentration addition (CA) (a) and independent action (IA) (b). The errors bars correspond to
the 95% confidence interval (CI) for each treatment observation.

The EC50 values expressed as soil solution concentrations are shown in Table 2. The Zn EC50
values, expressed in molar units, are about two to eight times higher than those of As, similarly to the
previously reported trends [22]. The predicted responses based on the soil solution concentrations
were similar for the CA and IA models (Figure S3). Only a limited number of predictions could be
made, as only a few number of soil solution mixtures were analyzed. The soil solution data revealed
antagonisms of soluble As and Zn on the root elongation with one synergistic interaction in soil S1,
resulting from a mixture with 0.34 Zn TU and 0.57 As TU (ΣTU = 0.91). The predicted response
for such a mixture was quite close to a 50% RRE for both of the models. However, the observed
response was only the 22% RRE, being the only case for which the predicted response result was larger
than the observed one. The interpretation of MixTox-model parameters based on the soil solution
concentrations was not used as too few data were present to model the interactions.

4. Discussion

This study used three soils with contrasting properties to vary the factors controlling Zn and As
bioavailability and, potentially, the magnitude of the Zn–As interactions. The Zn EC50 values found
here in the spiked soils (2000–4000 mg Zn kg−1) are somewhat larger than those earlier obtained in the
spiked soils for the same endpoint (140–2200 mg Zn kg−1 [33]). However, the role of eCEC on the Zn
sensitivity was evident, as soil S1 with the highest eCEC exhibited the largest Zn EC50 value. Along the
same line, the As EC50, expressed here as added As, ranged 26–415 mg As kg−1, well in line with the
reported values for the same species in the spiked soils (35–460 mg As kg−1 [24]). Again, soil S1 with
the highest Al and Fe-oxides concentration makes the barley root elongation the least sensitive to As.

This study has shown pronounced antagonism between Zn and As. This interaction was more
pronounced when evaluated with CA than when evaluated with the IA model. Earlier interaction
studies have not discriminated the analysis between the CA or IA models, because of the limited doses
used [16]. In general, the studies described in the introduction point to Zn–As antagonism and the same
is true for interactions between As and other divalent metal ions. The antagonistic interactions between
As and copper (Cu) or nickel (Ni) were found for rice plants grown in flooded soils [34]. Cadmium (Cd)
and As also acted antagonistically (ΣTU50 = 1.5) for wheat root elongation [35], and this interaction
is also found in wheat when exposed to Cd and As in nutrient solution [36]. Antagonism based on
the total Zn and As concentrations in soil is well explained by such solubility interactions, as shown
in previous Zn–As and Cd–As mixture toxicity studies [19,20,36]. However, a slight antagonistic
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response based on dissolved concentrations has been detected at high effect doses [22], suggesting that
some plant physiological mechanisms, such as Zn reducing oxidative stress, are also involved. This is
also illustrated here by the antagonistic interactions found when relating the doses to soil solution
concentrations (Figure S3).

The CA model most elegantly expresses the mixture interactions and is also most easily adopted
in the regulations [12]. The data analysis under the IA assumption also confirms antagonism, albeit
less pronounced. The restricted factorial have shown antagonism according to the IA for the treatments
with increasing Zn doses at a fixed level of As for soils S2 and S3, and at increasing doses of As at a
fixed Zn level for S1, illustrating that the effect of Zn on As toxicity is not necessarily the same effect of
As on Zn toxicity.

The reduction of the soil solution As concentrations upon the Zn addition has been previously
reported and is commonly attributed to the co-sorption or precipitation process involving Zn and
As [15,16,19,20]. The Zn concentrations in the solution of single spiked soils reach >1mM and the same
is true for AsO4

−3 concentrations. The solubility product of Zn3(AsO4)2 equals logKsp = −27.5 and its
molar solubility at pH = 7 is <1 mM, suggesting that this precipitate can be formed in the mixtures
at the highest doses. Speciation calculations with Visual Minteq 3.1 using the observed pH and soil
solution concentrations of Zn, As, and macro-elements, ignoring Zn-complexation by dissolved organic
matter (DOM), revealed that this precipitate potentially occurs only in the mixtures with the highest
dose level of both elements (Table S8), where the RRE is practically zero. The lack of DOM data means
that this speciation calculation overestimates the likelihood of precipitation, as the Zn2+ ion activity is
overestimated. This suggests that the effects of Zn on immobilizing As, observed at lower As doses
where the toxicity antagonism are found, are unrelated to the formation of Zn3(AsO4)2, but that either
of the electrostatic interactions or the formation of ternary complexes on Fe–Al oxy-hydroxides explain
the interaction [17,18]. Interestingly, the least and non-significant toxic antagonism was found in soil
S2 (Figures 2 and 3), which has the lowest Fe-oxides content. The effects of Zn on immobilizing As are
also the least pronounced in S2, whereas these effects are larger in soils S1 and S3 (Figure S2). This,
again, points to Zn–As interactions taking place on the oxides of Fe and Al.

Taken together, the Zn–As mixtures with low total doses provoked significantly less additive
effects on barley relative root elongation. The existence of such antagonistic toxic interactions was
confirmed by the different toxicity models used [30]. The interaction is partially related to Zn
immobilizing As, but the antagonism generally remained when the doses were expressed on the
soil solution basis (Figure S3), also suggesting physiological interactions. An example of the latter
is the one observed by Patel et al., between the As-induced oxidative stress and the Zn-enhanced
antioxidative activity of catalase and phenolic compounds [21]. Interestingly, the Cd–As mixture
physiological effect on wheat, reported by Liu et al., resulted in synergistic oxidative stress, and points
out the different roles of Zn and Cd in the plant antioxidant defense system [36]. Plotting the NRE
to either just the total Zn or just the total As, and comparing the single with the mixture treatments
(Figure S4), shows that the Zn–As antagonism is not sufficiently strong to overcome the single effect of
none of the components, suggesting that risk assessment should take the joint effects into account, for
a possibly less that additive effect.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/5/7/83/s1,
Figure S1: Dose–response curves for total Zn and total As, Figure S2: Soil solution concentration as a function of
total soil concentration for As (top) and Zn (bottom) in single and mixture treatments, Figure S3: Predicted vs
observed root relative elongation using soil solution Zn and Arsenic concentrations, Figure S4: Barley net root
elongation response to total Zn or As soil concentrations in single and mixture treatments, Table S1: Analytical
methods, Table S2: MixTox–model parameters, Table S3: Zinc and arsenic total concentrations, Table S4: Net
Root Elongation response, Table S5: Zinc and arsenic EC50 values using different concentration expressions,
Table S6: Zinc and arsenic concentrations in soils solution of selected treatments, Table S7: Total and soil solution
concentrations of As and Zn for selected single and mixture treatments, Table S8: Ion activity products of potential
precipitated species in soil solution of selected treatments.
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