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Abstract

We aimed at assessing whether the binding andtdxioity of metal cations such as copper that eihilgh
affinity for plant roots could be adequately preeit using the Windermere Humic Aqueous Model (WHAM)
default parameterization. Accordingly, we first quamed the ability of the default parameterizatiém\tHAM
and a specific parameterization for terrestriahkigplants (WHAM-THP) to model the competitive himgl of
copper on wheafTgiticum aestivum L.) and tomato $olanum lycopersicum L.) roots. Secondly, in an external
dataset, we evaluated the ability of WHAM-THP tedlict the copper concentration and toxicity to (féisum
sativum L.) roots relative to WHAM. WHAM-THP estimates gaated a slightly better fit for the competitive
binding of copper on wheat and tomato roots ;dag the root-mean-square err®\SE = 0.15) than WHAM
estimates RMSE = 0.24). WHAM-THP estimates slightly better fittélde copper concentration in pea roots
(RMSE < 0.49) than WHAM estimateRMSE < 0.67) at low copper exposure and 3. However, WHAM-
THP did not at all improve the prediction of coppexicity to pea rootsRMSE = 13% as also for WHAM). We
thus conclude that, although the default parantton of WHAM does not neatly predict the bindimfgmetal
cations on roots, it could however be used withfidemce in predictive ecotoxicology for terrestridher

plants without any specific parameterization.

Keywords

Biotic ligand model; Complexation; Humic substandeisytotoxicity; Trace element

Highlights

»  WHAM-THP is a specific parameterization of WHAM ftarrestrial higher plants

*  WHAM-THP much improves the prediction of root acigiroperties

«  WHAM-THP only slightly improves the prediction afat copper competitive binding

«  WHAM-THP does not improve the prediction of copplgizotoxicity
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1. Introduction

Models designed to predict the ecotoxicity of metations at the organism level are based on the
description of the competitive binding of metalicas to biotic ligands borne to the outer surfadethe
organism (Di Toro et al. 2001). These models seartiqularly promising for modelling the toxicity ohetal
cations to plant roots, i.e. rhizotoxicity. It wascently suggested that the primary mechanism rayithe
rhizotoxicity of metal cations is their binding estigth to biotic ligands borne by root surfaces (iKke et al.
2014). The model’s ability to accurately describetathcation binding on plant roots is thereforeuwcial issue.

Accordingly, advanced geochemical models initiallgsigned to model metal cation binding on humic
substances have started to be applied in predietigéoxicology studies over the past decade (Pétttd. 1996;
Tipping et al. 2008). The Windermere Humic AqueMadel (WHAM) has particularly been used to adeqlyate
model the binding and toxicity of metal cationsatpatic and terrestrial biota (Tipping et al. 20ABtunes et al.
2012; Tipping and Lofts 2013; Qiu et al. 2015 and&).

The humic acid (HA) in WHAM was used as a surrog#teiotic ligands (Tipping et al. 2008; Antunes et
al. 2012). The amount of metal cations bound tdibiigands was predicted with WHAM by numerically
optimizing the equivalent mass of HA per gram ajasrism (Tipping and Lofts 2013). The differencewssin
the measurement and the WHAM prediction of the amhaf metal cations bound to biotic ligands was
hypothetically attributed only to the differencetire density of binding sites between the orgarasih the HA
in WHAM. This hypothesis however overlooks the fiet the binding affinity for metal cations magaldiffer
between organisms and HA in WHAM.

For terrestrial higher plants, a recent invest@athowed that WHAM was able to satisfactorily nlode
cadmium (Cd), nickel (Ni), and zinc (Zn) concerivas in pea Risum sativum L.) roots, but that it
overestimated the copper (Cu) concentration insrgbé et al. 2015). These authors concluded tleatd#fault
parameterization of HA in WHAM may be not applicalibr metal cations having a high affinity for natu
organic matter such as Cu.

We recently characterized Cu binding on whéatticum aestivum L.) and tomato $olanum lycopersicum
L.) roots by combining X-ray absorption spectrosceyth the specific parameterization of a two HA deb
based on WHAM (Guigues et al. 2016). We showed @habinding on wheat and tomato roots was driven by
two types of sites, i.e. low- and high-affinity est respectively corresponding to carboxylic andogién (N)

functional groups. As the high-affinity sites paeterized in WHAM presumably correspond to phengtimups
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rather than N functional groups, this finding sugtgd that specific parameterization of WHAM would b
necessary for terrestrial higher plants.

Accordingly, we aimed at assessing whether Cu Hmotling and rhizotoxicity could be adequately
predicted with the WHAM default parameterizationifoiailored parameterization would be necessarg. fifist
compared the ability of WHAM parameterized with adf settings (hereafter referred to as WHAM) and
WHAM specifically parameterized for terrestrial hay plants (hereafter referred to as WHAM-THP) toded
Cu competitive binding on roots. Wheat and tomaterevchosen as model species to be respectively
representative of monocots and dicots. Secondlyeveduated, on an external dataset, the abilitWWefAM-

THP to predict the Cu concentration in roots asdhizotoxicity relative to WHAM predictions.

2. Experimental approach

We used only analytical grade reagents unlesswibestated.

2.1. Plant growth and root recovery

Wheat (cv. Premio) and tomato (cv. Moneymaker) vggraminated for 7 days in darkness and then grown
for 14 days in hydroponic conditions in a growtlactber under the following climatic conditions (daght):
25/20°C, 75/70% relative humidity and 16/8 h witpteton flux density of 450 pmol photons’st during the
day (see Guigues et al. 2014 for details). At hetrv@ots were separated from shoots, blotted paiber towels,
subdivided into homogenous subsamples, and stooedrf.

After thawing, roots were rinsed with 1 mM Ca(N©to eliminate vacuolar compounds released due to
membrane leakage during freezing. Roots were dtirré¢dNGO; solution (trace analysis grade) at pH 3 for 1 h to
remove highly bound or precipitated cations (eg.aRd Al) and rinsed twice with ultrapure water.21BIQ)
for 30 min. Roots were finally oven-dried at 50%cbnstant mass.

The plant root material obtained (hereafter refét@as roots) was metabolically inactive. This abetic
inactivity prevented the physiologically-driven abstion of Cu in root cells and enabled us to stodly Cu
binding onto root surfaces. Roots contained cellsaand plasma membranes, i.e. the two compartmelnitsh
give roots their cation binding properties (Guigetsal. 2014 Root pretreatment may have partly impacted

their binding properties in comparison with liveapt roots. However, there is to our knowledge heioteliable



105 analytical technique to distinguish binding fromsaiption of metal cations in the several dozensavfiples

106 necessary to test a model for practical ecotoxgiold applications.

107
108 2.2. Potentiometric titration
109 Potentiometric titration of wheat and tomato roetsre extensively described by Guigues et al. (2014)

110 Briefly, ca. 0.2 g (dry mass basis) of roots wascptl in 100 ml of 10 mM KNg@under stirring and flushed with
111 ultra-pure nitrogen. During titration, the pH wasstf lowered to 2.5 with 0.2 M HN{(trace analysis grade)
112 addition and was then increased step-by-step ®With the incremental addition of 0.1 M KOH (traaealysis

113 grade) either at a rate of 100 pl in the 2.5-3.86 40.5-11.5 pH ranges or at a rate of 20 pl in3#%e10.5 pH

114 range.

115

116 2.3. Copper sorption experiments

117 A dry mass of 10 (£ 0.5) mg of wheat and tomatasawas shaken end-over-end for 24 h at 25°C inR5 m

118 of solution with varying chemical conditions repretative of acidic soil solutions and including treampetitive
119 effect of some important major (H and Ca) and mifzbr) metal cations (Tables S1 and S2). In exparirie
120 the initial total Cu concentration of the soluti@nged from pGu 7.3 to 3.0 (pCH = -logiJCul];,). The solution
121 ionic strength and pH was set at 30 mM with NaM@d 4.7 (£ 0.2), respectively.

122 In experiment 2, the solution ionic strength wak ate0.6 or 300 mM with NaN£ The initial total Cu
123 concentration was set at pg4d.2, 5.2, or 6.2 and the pH was set at 4.7 (+ 0.2)

124 In experiment 3, the solution pH was set at 4.0.® or 6.3 (+ 0.1). The initial total Cu concetiwa was
125 set at pCy 4.2, 5.2, or 6.2. The ionic strength was set anB0with NaNG;.

126 In experiment 4, the initial total solution Ca centration ranged from p&&.0 to 4.0. The initial total
127  solution Cu concentration, ionic strength and pHswat at pGy6.3, 30 mM with NaN@ and 5.1 (+ 0.4),
128 respectively.

129 In experiment 5, the initial total solution Zn cemtration ranged from pZm.5 to 7.2. The initial total
130  solution Cu concentration, ionic strength and pHswat at pGgl6.3, 30 mM with NaN@ and 4.7 (x0.1),
131 respectively.

132 The pH was buffered with 1 mM 2-(N-morpholino) atkaulfonic acid and adjusted with NaOH or HNO
133 (trace analysis grade). Each sorption experimerg performed in duplicate. After a few minutes obtro

134  sedimentation, the supernatant was collected fatyais. The copper concentration in the initial gpicand
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final (i.e. at equilibrium, pCu4) solutions was determined by inductively coupldadsma mass spectrometry
(ICP-MS, NexION 300X Perkin Elmer) to determine #maount of Cu bound to wheat and tomato roots. Blan
and certified reference material (EnviroMAT Drikimgater EP-L-3 and groundwater ES-H-2) were incluited
the analyses. The measurement uncertainty was lthaer 10%. This procedure was cross-validated With

measurements obtained on digested root samplegy€aiet al. 2016).

3. Modelling approach

3.1. Specific parameterization of WHAM

Experimental data were modelled using the humicbimding model included in WHAM VII. The
formalism of this model was extensively describgdipping (1998) and Tipping et al. (2011). Brieflly HAM
was designed to simulate the cation binding pragef humic substances depicted as a regular afrayo
types of binding sites. The density.( cmok.kg?) of type-1 sites is arbitrarily set as twofold nég than the
density of the type-2 sites (i.ey; = 2 Lyp). Protons and metal cations compete for bindingype 1 and 2
sites. Metal cations are able to form mono-, bd &xirdendate complexes.

Proton sorption to humic substances was charaetebiy two intrinsic proton dissociation constanmuisa;
and Ka,) and two distribution terms1pKa; and4pKa,) for type 1 and 2 sites, respectively. Metal birgdio
humic substances was characterized by two intriegiglibrium constantsK(y ; andKy,) for type 1 and 2 sites,
respectively, and one heterogeneity parametieK2y). The parametefy , was calculated frorky 1, pKa;, and

pKa, as follows (Tipping et al. 2011):

K
LogKy, = LogKy . X% Eq. 1

Electrostatic effects are accounted for in WHAM dpproximating the diffuse layer/bulk solution syste
with a Donnan model. While WHAM can account for themplexation of the free ionic form and the first
hydrolysis product of each metal, we only accouritedCf* as a preliminary speciation calculation showed tha
CU** represented > 95% of the total Cu in solution with< 6.3. However, at higher pH the presence of Cu
hydroxide should be considered. The partial pressfiCG was assumed to be that of the ambient atmosphere
(10°° atm) and the temperature was set at 25 °C focdhmilations.

To develop a predictive model for ecotoxicologiaasessment, we aimed at fitting the experimental as

accurately as possible, but with the lowest possibimber and the most generic set of parametexsteat and
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tomato. Accordingly, we first simulated the roondling properties with a single HA having the defaul
parameterization (&, 4pKa;, Ky, 4LK2y) used in WHAM (Tables 1 and 2). The HA concentnativas set at
the concentration found in dry roots in batch dohs, i.e. 400 mg?. The total density of binding sites on HA
was set according to the potentiometric titratibwbeat and tomato roots reported by Guigues €pall4).

The ratio between the density of lowp (type-1) and high4ga (type-2) sites (hereafter referred to as the
L/H-pKa ratio) that is arbitrarily assigned at 2 in WHANMasvout of line with the L/H4g¢a ratios of 0.4 and 0.9
experimentally determined for wheat and tomato goodspectively (Guigues et al. 2014). In agreemiet
L/H-pKa ratios on roots of dicots and monocots found aliterature were also lower than 2, i.e. rangimgf
0.5 to 1.7, except fdrupinus albus L. that had a ratio of 3.8 (Meychik and Yermako®2&nd 2001; Ginn et al.
2008; Wu and Hendershot 2009; see Table S3).

To relax the L/H-Ka ratio, we thus mimicked the root binding propertiwith two HA that were
specifically parameterized in WHAM-THP (Tables 1daR). The concentration of each HA was set at the
concentration established in dry roots in batchtsms, i.e. 400 mg'l The total density of binding sites and the
distribution between low- and high-affinity siteasvset for each HA according to the potentioméitriation of
wheat and tomato roots reported by Guigues et2@il4). The first HA (HA represented the lowka sites
while the second HA (Hf) represented the highkp sites. We first parameterizeKg,, pKa,, 4pKa; and
ApKa, for HA, and HA, to fit the experimental titration curves of whead tomato roots (Guigues et al. 2014).
We then parameterizeldc, 1, Koz andALK2g, to fit the Cu sorption data from experiment 1. Taiwlity of
WHAM-THP to account for ionic strength and pH effeon Cu binding was verified by predicting Cu smmp
data from experiments 2 and 3 without additionalapeterization. Finally, the ability of WHAM-THP to
account for the competitive effect of Ca and Zn wsasessed by parameterizifg, 1, Kcaz, 4LK2¢ca, Kzn1, Kzn2

and4LK2z, to fit the Cu sorption data from experiments 4 &nd

3.2. Application of WHAM to an external dataset
To evaluate the extent to which WHAM-THP improvés frediction of Cu accumulation into roots and Cu
rhizotoxicity in comparison with WHAM, we concomitily applied the two models to the dataset obtaimgd
Wu and Hendershot (2010). These authors measuee@uhconcentration in roots and the root lengtiped
seedlings exposed to solutions with varying Cu(Q4.8 uM) and Ca (0.04, 0.18, and 1.92 mM) conmeéinhs

at pH 4, 5, or 6.



194  The prediction of root Cu concentration with WHAMAWHAM-THP was done by considering a factor of
195 0.044 g HA.g' DW to convert a quantity of Cu per g of HA in aagtity of Cu per g of dry roots, as described
196 by Le et al. (2015) on the same dataset. The velatiot elongationRRE, %) was calculated from the root
197 length KL, mm):

198  RRE = 2~

x 100 Eq. 2

max

199  with RL, being the maximaRL measured. ThBRE was predicted with a log-logistic dose-responseeu

100

200 RRE = 7 Eqg. 3
1+(FtDX5Q)

201 and

202 Ftox =Y a; Xv; =ayg X vy + Qcy X Vey Eq. 4

203  with Ftox being the toxicity function of a mixture of metations (H and Cu herein) calculated by summing the
204 products of the metal-specific toxicity coefficiefst) and the concentration of metal bound to HA (ol.g
205 ' HA) calculated with WHAM or WHAM-THP Ftoxs, is the value oftox inducing a 50% reduction in the

206 RRE, andp is a shape parameter. Thygwas set at 1 according to Tipping and Lofts (2013)

207
208 3.3. Parameter optimization
209 The quality of the fits obtained with WHAM and WHANHP were determined by calculating the root

210 mean square erroRMSE) between the experimental data and model outdiabl¢ S4) RMSE was calculated
211 from untransformed data for potentiometric titrasoas some experimental data were negafSE was
212 calculated from log-transformed data for Cu sorption experiments farze the weight of the highest values.
213 The RRE was predicted by optimizing the.,, Ftoxs,, and to minimize theRMSE between measured and

214 predicted values.

215

216

217 4. Resultsand Discussion

218

219 4.1. WHAM-THP substantially improves the modeling of acidic properties of wheat and tomato roots

220 Despite the fact that the total density of bindsitgs has been fitted to the experimental datagi@s et al.

221 2014), WHAM estimates failed to fit the titratiomtd for wheat and tomat®SE = 12.7 cmalkg™; Figure 1;

222 Figure S1). WHAM estimates overestimated the dgmdibinding sites observed experimentally overilmwle
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investigated pH range. The shape of the WHAM sitimacurves also differed substantially from thétttee
experimental data. The inadequacy of WHAM estimatefit the experimental data was partly due to lthd-
pKa ratio arbitrarily assigned at 2 in WHAM (Table Iyhich differs substantially from the L/HK@a ratios
determined experimentally in previously publishéddges, and particularly for wheat and tomato rdotsur
study (see 3.1 for rationale).

Relaxing the L/H-Ka ratio by using two HA but with the default paraeréation of WHAM for the two
HA (e.g. not as with WHAM-THP for which the two Hwere specifically parameterized) generally improved
the fit of the titration data for wheat and tomgRMSE = 4.7 and 5.2 cmgkg?), but this only satisfactorily
fitted the experimental data for tomato at pl8 (data not shown). The inadequacy of WHAM estasab fit
the experimental data was thus also partly dudeodefault parameterization of proton dissociafjaika and
ApKa) of HA in WHAM.

The acidic properties of plant roots are so diffiefieom those of HA that a specific parameterizatid HA
for terrestrial higher plants in WHAM-THP is reqedt (Table 1). By contrast with WHAM estimates, WHAM
THP estimates accurately fitted the titration déia wheat and tomatoRMSE = 1.6 cmal.kg®; Figure 1;

Figure S1).

4.2. WHAM-THP slightly improves the modelling of copper competitive binding on wheat and tomato roots

Over the five experiments of Cu sorption for whead tomato, WHAM estimates fitted 79% of the
experimental data within twofold (Figure 2A). HoveeyWHAM estimates almost systematically overestada
Cu binding by a factor 1.6;RMSE = 0.24). Le et al. (2015) showed that the WHAMaddtf parameterization also
overestimated the Cu concentration in pea roots. Guerestimation increased as the Cu concentrationots
decreased.

WHAM-THP estimates better fitted the experimentaladRMSE = 0.15) than WHAM estimates, with 91%
of the experimental data within twofold and withauty systematic bias (Figure 2B). The comparisothef
results obtained with WHAM and WHAM-THP in eachtbé five Cu sorption experiments is detailed below
sections 4.2.1 to 4.2.4. The specific parametéozadtf WHAM-THP (Tables 1 and 2) thus slightly ingmed
the goodness of fit for the modelling of Cu comipedi binding relative to the WHAM default paramégation.
This suggests that WHAM-THP should also improve elinly of the concentration in roots and the

rhizotoxicity of Cu.
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4.2.1. Experiment 1 on the copper binding affinity

For wheat, WHAM estimates overestimated Cu bindiiRMSE = 0.23), with an increase in the
overestimation as the Cu concentration in soluitmneased (Figure S2A). By contrast, WHAM-THP esiies
neatly fitted RMSE = 0.04) Cu binding on wheat roots throughout theestigated Cu concentration range.

For tomato, WHAM-THP estimates adequately fitt€SE = 0.03) Cu binding for pGu> 4.5 in solution
(i.e. pCyq>5; Table S2) (Figure S2B). WHAM-THP estimatesefli Cu binding for pGu> 4.5 better than
WHAM estimates RMSE = 0.09), which slightly but systematically overesited the experimental data.
WHAM and WHAM-THP estimates showed a twofold deiaatwith the experimental data at pCa4.5. This
deviation increased with increasing Cu concentratidiese high Cu concentrations (equivalent to.p€, i.e.
Cueq> 10 uM) however exceeded the concentration rémafeusually generates acute Cu rhizotoxicity (Kibpi
et al. 2010 and 2011). We thus did not attemppexiically parameterize WHAM-THP to fit the expmental
data at pCy< 4.5.

The loKcy,1 of HA, sites in WHAM set at 2.4 by default was interméglibetween the ld¢,; (equal to
2.2) and the logc,» (equal to 2.7) of HAsites specifically parameterized in WHAM-THP (TaB)). Similar to
the low-fKa sites of HA parameterized by default in WHAM that presumaldyrespond to carboxyl groups
(Tipping 1998), our recent spectroscopic analyseswbeat and tomato roots showed that the Ita-gites
involved in Cu binding on wheat and tomato rootsresponded to carboxyl groups (Guigues et al. 2016)
Considering the identical nature of the bindingsitit is thus hard to attribute the better fitéaoked with
WHAM-THP as compared to those obtained with WHAMtHe specific parameterization of Cu binding affni
of HA, in WHAM-THP.

The loKc,; (equal to 6.0) and the l&g,, (equal to 6.7) of HA sites specifically parameterized in
WHAM-THP was about one order of magnitude highemtlthe loé¢{c,, of HA, sites in WHAM set at 5.1 by
default (Table 2). While the highkja sites of HA parameterized by default in WHAM presbly correspond to
phenolic groups (Tipping 1998), our recent specop& analyses showed that the hidgéapsites involved in
Cu binding on wheat and tomato roots correspondel functional groups (Guigues et al. 2016). Sihte
functional groups have a higher affinity for Cunhghenolic groups (Fry et al. 2002), the involveimehN
functional groups in Cu binding on wheat and tomatots supports the higher g, fitted for the high-gKa
sites of HA, in WHAM-THP. The better fits obtained with WHAM-TM than with WHAM could thus be

attributed to the specific parameterization of @ding affinity of HA; in WHAM-THP.

10
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The heterogeneity parameters, K2, in WHAM, set at 2.3 by default were much highearththe
ALK2¢, and4LK2¢,, that were fitted to 0 in WHAM-THP (Table 2). THisterogeneity parameter accounts for
binding sites that occur at a low density and ¢hdibit a particularly high affinity for Cu (Tippin1998). With
our dataset, increasing thi& K2, from 0 to 3 led to overestimation of the bindinfgQu at low concentration
(i.e. pCu > 7) by up to four orders of magnitudatédnot shown). The much lowdLK2, fitted in WHAM-
THP than in WHAM thus likely explains why WHAM estates overestimated Cu binding on wheat and tomato

roots at low Cu concentration compared to WHAM-Téfmates.

4.2.2. Experiment 2 on the effect of ionic strength

The increase in ionic strength from 0.6 to 300 mdréased the amount of Cu bound to wheat and tomato
roots by 43% on average (Figure S3). As common$gcidieed in the literature, the higher the ioniesgth, the
higher the tendency for major cations (for a negdyicharged sorbent such as roots) to accumuiating
diffuse layer (Vidali et al. 2011). This accumutatiof major cations thus masks the negative chavge®ot
surfaces and thus decreases the ability of binsiiteg to attract and bind metal cations such a§\Wang et al.
2011).

At the two ionic strengths, WHAM estimates bettigiedl the experimental data for toma®MSE = 0.18)
than for wheat RMSE = 0.38) (Table S4). At 300 mM ionic strength, WHA®ktimates more particularly
overestimated Cu binding on wheat and tomato ramtsept at the highest Cu concentration (i.e.;p€Q).
WHAM-THP estimates better fitted the experimentatadfor the two ionic strengthR{MISE = 0.11 and 0.21 for
tomato and wheat, respectively) than WHAM estimaf€able S4). These results show that the specific
parameterization of WHAM-THP better accounted toe £ffect of the ionic strength on Cu binding optso

than the default parameterization.

4.2.3. Experiment 3 on proton competition

The increase of pH from 4 to 6 boosted the amoti@uwbound to wheat and tomato roots by 41 and 16%
on average, respectively (Figure S4). As commomlgcdbed in the literature, an increase in pH iases the
dissociation of protons from negatively-chargedames such as roots, thus decreasing the compelistween
protons and metal cations such as Cu for bindingpots (Ginn et al. 2008; Bulgariu and Bulgariu 21

At pH 6, WHAM and WHAM-THP estimates similarly owstimated Cu binding on wheat and tomato

roots RMSE = 0.19 and 0.14, respectively) (Figure S4). AtHHNVHAM estimates overestimated Cu binding
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on wheat and tomato root®NISE = 0.45 and 0.13, respectively). In comparison, VWHAHP estimates
underestimated Cu binding on wheat and tomato (GMSE = 0.38 and 0.20, respectively).

In the 4 to 6 pH range, WHAM modelled a very weaknpetitive effect of protons and thus consistently
overestimated the amount of Cu bound on wheat anthib roots (Figure S4). By contrast, WHAM-THP
accounted for a substantial competitive effect oftgns and overestimated it. This led WHAM-THP to
overestimate the decrease in Cu bound to roots frAn6 to 4. The WHAM-THP estimates closely fittdue t
potentiometric data between pH 3.5 and 10.5 (Fi@lre which should theoretically enable us to dbscthe
increase in the proportion of the total bindingsiavailable for metal binding as the pH increasbi indicated
that the binding site affinity for Cu decreasedhirpH 4 to 6 and was consequently underestimatgtiat and
overestimated at pH 6 in comparison with the ihibigtimization made at pH 5. Faced with the sarsads Wu
and Hendershot (2010) chose to lower th&lgdy approximately 1 unit to fit the Cu binding o@goroots from
pH 4 to 6. Overall, proton competition was the oeffect for which WHAM-THP estimatefRMSE = 0.31 and
0.17 for wheat and tomato, respectively) did ngbriove the fit of the experimental data obtainechwitHAM

estimatesRMSE = 0.38 and 0.18) (Table S4).

4.2.4. Experiments4 and 5 on calcium and zinc competition

While the Ca concentration range exceeded thaudfyCmore than four orders of magnitude, Ca only &a
weak competitive effect on Cu binding on roots (F&gS5). For wheat, the amount of Cu bound to roots
decreased by only 15% as the Ca concentrationasete For tomato, the amount of Cu bound to roidtsok
significantly decrease as the Ca concentratioreas®d. The competitive effect of Zn on Cu bindingndeat
and tomato roots was also weak, but it was highen the competitive effect of Ca (Figure S5). Theant of
Cu bound to roots decreased by 30% and 18% for twéued tomato, respectively, as the Zn concentration
increased.

When determined for a given species (monocotsamtsh under similar experimental conditions for Ca,
and Zn, the lol¢, in roots was reported to be higher than thé&}qdpy 1.9 to 3.4 orders of magnitude (Vulkan
et al. 2004; Wang et al. 2010 and 2012; Le et@L32 and were reported to be higher than th&dgdy 0.9 to
4.4 orders of magnitude (Cheng and Allen 2001; &tial. 2008; Wu and Hendershot 2010; Wang et dl2p0
The logz, also remained higher than the kg by 1 to 2 orders of magnitude (Wang et al. 2010yr&de
2009). The literature thus supports our findinghjolw showed that the competitive effect of Ca andod Cu

binding on wheat and tomato roots was weak, butZhavas a stronger competitor than Ca.
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WHAM modelled almost no competitive effect of Cadafn and hence overestimated Cu binding on roots
in the presence of Ca or Zn for whe&MSE= 0.28) and tomatoRMSE = 0.12) (Figure S5; Table S4). In
contrast, WHAM-THP estimates correctly fittelRIMSE = 0.03-0.04) the competitive effect of Ca and ZnQu
binding on wheat and tomato roots (Figure S5). Btaio this good fit, the ld§., and lodKz, of HA; sites in
WHAM-THP was increased by 2 orders of magnitude garad to the default l&g, and lod<z, of type-2 sites
in WHAM (Table 2). However, the difference betwede corresponding ldgfor Cu and Ca/4 = 1.0-1.2 for
HA, andA = 2.0-2.2 for HA) or for Cu and Zn4 = 0.2 for HA andA = 0 for HA,) in WHAM-THP remained
approximately the same as in WHAM (Table 2). Thiggests that the better fits obtained with WHAM-THP
than with WHAM could be attributed to the specifiarameterization of the acidic properties of whead

tomato roots rather than to the specific paramagan of the binding affinity of Cu, Ca, and Zn.

4.3. WHAM-THP only dlightly improves the prediction of copper concentration in pea roots

WHAM and WHAM-THP estimates exhibited the same gwess of fit for the Cu concentration in roots
when considering the whole dataset of Wu and Hesmber(2010) RMSE = 0.69 and 0.70, respectively), with
almost all data points predicted within one ordemagnitude. The deviation between root Cu conedioins
measured and those modelled with WHAM increasedhasroot Cu concentration decreased (Figure 3),
indicating that WHAM estimates tends to overestamaiot Cu concentration at low Cu exposure levels.

It is noteworthy that the prediction of the root @oncentration with WHAM could be improved
(RMSE= 0.56) by setting thelLK2 at 0 for Ca and Cu (data not shown). This suggsts the deviation
observed with WHAM estimates at low root Cu concaitin was mainly due to a too strong contributidtow
density sites exhibiting a particularly high affinfor metal cations in the default parameterizatid WHAM.

In WHAM-THP, the4LK2 has been set at 0 for Ca and Cu. Accordingly, WHRNP estimates better fitted
the root Cu concentration than WHAM estimates footrCu concentrations approximately lower than 10
®>mol.g* at pH 4 and 5 1®mol.g* at pH 5 (Figure 3A and B).

WHAM estimates were very sensitive to pH as RMSE between measured and modelled data increased
from 0.42 at pH 4 to 0.90 at pH 6 (Figure 3). WHANHP estimates were less sensitive to pH than WHAM
estimates at pH 4 and 5 as tRRISE between measured and modelled data were 0.33 .48d i@spectively
(Figure 3A and B). However, at pH 6, WHAM-THP eddites deviated more from the measured data than

WHAM estimates (Figure 3C). This was in agreemeitit ¥he results obtained in the Cu sorption expent8,
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which showed that WHAM-THP estimates tended to estimate the proton competition in comparison with

WHAM estimates (see 4.2.3; Figure S4).

4.4. WHAM-THP does not improve the prediction of copper rhizotoxicity

Estimates of WHAM and WHAM-THP combined withtox fitted very similarly the measureBRE
(R? = 0.73 andRMSE = 13 %; Figure 4A and B). Thietox values calculated with WHAM-THP were closely
correlated with those of WHAMR? = 0.94) although th&tox values calculated with WHAM-THP were about
twofold higher. As the ¢, optimized in WHAM and WHAM-THP simulations was yesimilar (3.3 and 3.6,
respectively), the difference between theox values calculated with WHAM and WHAM-THP comes,
according to Eqg. 4, from the stronger complexataittulated with WHAM-THP (i.e. highers, andvy) than
that calculated with WHAM.

Accordingly, WHAM and WHAM-THP estimates combinedittw Ftox predicted very similarRRE
(R? = 0.97; Figure 4C), even at low root Cu conceitrafor which WHAM-THP better predicted the root Cu
concentration than WHAM (data not shown). This rhaye been due to the fact that the predictioRRE with
Ftox values involved the optimization independently SWiHAM and WHAM-THP of three supplementary
parameters, i.€-toxsg, B, andac,. This supplemental optimization may enable comecbf the small deviation
observed between WHAM and WHAM-THP estimates of d@acentration in roots so as to finally achieve
similar RRE predictionswvith WHAM and WHAM-THP.

Although WHAM-THP slightly improved the predictiaf Cu binding on roots (see 4.2) and the prediction
of Cu concentration in roots at low root Cu concatidn (see 4.3) relative to WHAM, WHAM-THP hencigl d
not at all improve the prediction of Cu rhizotoxjciConsidering this result and how time-consuniingould
be to complete the parameterization of WHAM-THP drmetal cations of interest, we conclude thahcagh
the default parameterization of WHAM does not neptkdict the binding of metal cations on roots;atild be
used with a good level of confidence in predicte®toxicology for terrestrial higher plants witha@uty specific

parameterization.

Supporting infor mation

Supporting information (Tables S1 to S4; Figure3&$5) can be found at http:...
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Figure captions

Fig. 1. Measured versus modelled acidic properties (espes) charge Q corrected by the initial charged®
wheat (crosses) and tomato (circles) roots. Grewh read symbols correspond to data modelled with the
Windermere Humic Aqueous Model either parameterizgddefault (WHAM) or specifically parameterized
with two humic acids for terrestrial higher plaffisyHAM-THP), respectively. The root mean square exro
(RMSE) pool data for wheat and tomato £ 176). The solid line refers to 1:1 line and daklines refer to a

factor+ 2.

Fig. 2. Measured versus modelled binding of copper (Cultteat (crosses) and tomato (circles) roots. Green
and red symbols correspond to data modelled weghAindermere Humic Aqueous Model either paramegdriz
by default (WHAM, A) or specifically parameterizedth two humic acids for terrestrial higher plaf(NgHAM-
THP, B), respectively. The root mean square erf@MSE) pool data for wheat and tomato in the Cu sorption

experiments 1 to 5(= 183). The solid line refers to 1:1 line and daklines refer to a factar 2.

Fig. 3. Measured versus modelled copper (Cu) concentratipea roots exposed to solutions at pH 4 (ABJ (
and 6 (C) with varying calcium (0.04, 0.18, and21m3M) and Cu (0 to 24.8 uM) concentrations. Greesh i2d
symbols correspond to data modelled with the Wim#dge Humic Aqueous Model either parameterized by
default (WHAM) or specifically parameterized withrd humic acids for terrestrial higher plants (WHANHP),
respectively. The deviation between measured andetieal data is expressed as the root mean squames er

(RMSE). The solid line refers to 1:1 line and dasheddirefer to a factar 10.

Fig. 4. Relative root elongatiorRRE) measured for pea as a function of the exposutexie cations (proton
and copper) in solutions at pH 4, 5 or, 6 and wihying calcium (0.04, 0.18, and 1.92 mM) and capeto
24.8 uM) concentrations (A and B). The proton aogper toxicity is calculated by combining a toxycit
function (Ftox, see 3.2 for rationale) with the Windermere HurAigueous Model either parameterized by
default (WHAM, green circles, A) or specifically n@aneterized with two humic acids for terrestriagjtrer
plants (WHAM-THP, red circles, B). The solid linefers to theRRE predicted with WHAM (A) or WHAM-

THP (B) and dashed lines refer to a deviatior 40%. The deviation between measured and modedetid
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515 expressed as the root mean square erRWESE). Relative root elongation predicted with WHAM-TH@rsus

516 RRE predicted with WHAM (C). The solid line refers 1dl line.
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Tables

Tablel

Proton dissociation constantskig) and distribution terms4pKa,) of wheat and tomato roots as parameterized inWiredermere Humic Aqueous Model by default
(WHAM) for one humic acid (HA) and specifically ganeterized for terrestrial higher plants (WHAM-THf) two HA. Total site densitiesL{;, cmol.kg?) were

determined experimentally by Guigues et al. (2014).

HA, HAq
Type 1 Type 2 Type 1 Type 2 Lh total
L1 pKa;  ApKay () pKa,  4pKa, Ly pKa;  ApKay () pKa,  4pKa,

Wheat 24.4 12.2 36.6
WHAM 41 2.6 8.3 3.1 - - - - - -

Tomato 64.9 325 97.4

Wheat 6.3 33 18.0 9.0 36.6
WHAM-THP 4.2 15 5.2 2.0 9.8 0 8.8 1.5

Tomato 31.3 15.7 33.6 16.8 97.4
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Table 2

Intrinsic equilibrium constantK{, ;) and heterogeneity parametess K2y,;) of copper (Cu), calcium (Ca) and
zinc (Zn) binding on wheat and tomato roots as metarized in the Windermere Humic Aqueous Model by

default (WHAM) for one humic acid (HA) and speciilty parameterized for terrestrial higher plantsHM-

THP) for two HA

HA, HA,
Type 1 Type 2 Type 1 Type 2
LogKw.1 LogKwm 2 ALK2y LogKw.1 LogKwm 2 ALK 2y )

WHAM 2.4 5.1 2.3 — - —
Cu

WHAM-THP 2.2 2.7 0 6.7 6.0 0

WHAM 1.3 2.3 0 - -
Ca

WHAM-THP 1.2 15 0 45 4.0 0

WHAM 1.9 41 1.3 - -
Zn

WHAM-THP 2.0 2.5 0 6.7 6.0 0
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Highlights

WHAM-THP is a specific parameterization of WHAM ftarrestrial higher plants
WHAM-THP much improves the prediction of root acigiroperties
WHAM-THP only slightly improves the prediction adat copper competitive binding

WHAM-THP does not improve the prediction of coppazotoxicity



