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agriculture: modeling cadmium uptake by maize and tobacco

U. J. Lopez-Chuken - U. Lopez-Dominguez - R. Parra-Saldivar -
E. Moreno-Jiménez - L. Hinojosa-Reyes - J. L. Guzman-Mar -

E. Olivares-Saenz

Received: 22 December 2010/Revised: 11 March 2011/ Accepted: 5 August 2011 /Published online: 1 December 2011

© CEERS, IAU 2011

Abstract Chloride salinity has been strongly related to
enhanced cadmium (Cd) uptake by plants due to increased
solubility in the soil solution, even in agricultural soil with
very low levels of cadmium. This finding is relevant
because the cadmium content of food crops is an important
concern for human health. Therefore, the aim of this study
was to predict and discuss the chlorine-enhanced uptake of
cadmium by two common crops: maize and tobacco under
“non-saline” (I mM) and “very strongly saline” (200 mM)
scenarios using a modified ‘biotic ligand model’ and
datasets from a set of soil and hydroponic experiments.
Results indicated that predicted cadmium uptake rates
(expressed as cadmium in plant pmol m~2 root) by maize
and tobacco plants were consistently higher (54 and 15%,
respectively) assuming conditions of ‘very strong salinity’
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soil compared to the simulated ‘non-saline’ soil. In the
light of the results of the present research, valuable infor-
mation is given on modeled cadmium phytoavailability as
an indication of the potential risk due to increased cad-
mium uptake by crops under saline conditions, especially
as the enhancement of cadmium uptake in the presence of
CI™ salinity may be a general trend that occurs in many
edible crops. The biotic ligand model parameterization
applied in the present study attempted to simulate condi-
tions commonly found in natural cadmium and salt-affec-
ted soils. However, caution is needed to extrapolate results
obtained from these models to real soil conditions.

Keywords Biosolids - Biotic ligand model - Cadmium
speciation - Free ion activity model - Irrigation - Soil
salinity - Nicotiana tabacum - Zea mays

Introduction

Phosphate (P,0s) fertilizers and biosolids have been recog-
nized as major sources of cadmium (Cd) in agricultural
soils (McBride 2003). Typically, concentrations from 2 to
54 mg Cd kg_1 (P,Os5 fertilizer) (Iretskaya et al. 1998) and
up to 30 mg Cd kg~" (biosolids) (Clark 2001) are reported.
This is relevant as the Cd content of food crops, which is the
main source for human intake of Cd, has become an issue of
concern for human health (McBride 2003). Food is the main
source of Cd intake for non-smoking individuals who are not
occupationally exposed (de Vries et al. 2007). The FAO/
World Health Organization (FAO 2007) assessed the mean
intake of Cd at 51 pg day ', about 70% of which was con-
tributed by vegetable products. Smoking may also contrib-
ute to Cd intake by humans as tobacco plants have been
shown to accumulate Cd in leaves (Macek et al. 2005). Kazi
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etal. (2009) reports that one cigarette contains approximately
1-3 pg of Cd. Considering that 10-20% of Cd in cigarettes
may be inhaled (WHO 1992), smoking 20 cigarettes day '
may result in an additional daily exposure of 2-6 pg.

In general, Cd in the free ion Cd*" form has been widely
reported to be the determinant of phytoavailability by
plants in soils. However, during the last few years, other
factors such as salinity have been getting more consider-
ation (Khoshgoftar et al. 2004; Weggler et al. 2004; Lopez-
Chuken and Young 2005; Ghallab and Usman 2007,
Lépez-Chuken et al. 2010a), even in agricultural soil with
very low levels of Cd (McLaughlin et al. 1997). Typical
salinity values for irrigation water for agriculture often
reach up to 180 mM, especially under arid and semi-arid
regions (Khoshgoftar et al. 2004), therefore, salinity in
agricultural soils is an extensive and important problem
affecting about 45 million ha of the world’s 260 million ha
of irrigated land (Qadir and Oster 2004; FAO 2006).
Chloride salinity has been strongly related to enhanced Cd
uptake by plants due to increased solubility in the soil
solution (Norvell et al. 2000). Simple stability calculations
by Hahne and Kroontje (1973) indicate that formation of
Cd**—Cl™-complexes should become significant when CI~
concentrations rise above approximately 10 mM, a range
easily reached in the soil solution of salt-affected soils
(Rengasamy 20006). Effects of Cl -salinity in increasing
the solubility of Cd are due to the formation of Cl™-com-
plexes of Cd, predominantly the 1:1 and 1:2 complexes
(CACI™ and CdCI3, respectively). These complexes are less
strongly sorbed to soil than free Cd*" ion, and hence for-
mation of complexes with C1™ tends to shift Cd from the
solid to the solution phase, thereby enhancing solubility
and mobility (Bickstrom et al. 2004).

For the above reasons, the objectives of this work were:
(1) to obtain data on saline water-enhanced Cd solubility
and its speciation in a long-term biosolids amended soil,
(2) to fit a modified biotic ligand model to Cd uptake by
maize and tobacco from nutrient solution with variation in
Cd>" activity both with and without the presence of Cd—
chloride complexes to enable the independent fitting of ion
reaction constants, and (3) to predict and discuss the Cl™ -
enhanced uptake of Cd by two common crops: maize and
tobacco under “normal” and “very strongly saline” sce-
narios using a modified BLM using datasets from both soil
and hydroponic trials.

Materials and methods
Cadmium solubility trial in soil

Topsoil (pH = 5.9) from 0 to 30 cm horizon was collected
from a non-vegetated flat field site in a sewage disposal
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farm run by a large water company in the UK. The farm
grows maize for ensiling, which serve as fodder for dairy
cattle. Soil samples were sieved to <4 mm and total metal
contents were determined by Flame-AAS (Varian Spec-
trAA 200FS, Australia) following aqua regia digestion.
Polystyrene cups were filled with 500 g of air-dried soil
(<4 mm) and NaCl solution was then added at rates which
were sufficient to produce nearly 50, 100, 150, 200, and
300 mM of NaCl in the soil pore water at water holding
capacity (WHC = 250 mL) using deionized water. Porous
Rhizon soil moisture samplers (Rhizosphere Research
Products. Wageningen, The Netherlands) were inserted at
an angle of 45° in the soil and soil solution was extracted for
48 h by applying negative pressure (0.07 MPa), following a
stabilization period of 24 h to allow any cation sorption
sites on the Rhizon samplers to equilibrate with the soil pore
water. A NaCl-free control treatment (soil + deionized
water at WHC) was included for the experiment.

Modeling Cd speciation in soil solution

All data obtained from the chemical analysis of the soil
pore water were used to speciate Cd using the WHAM-VI
speciation model (Tipping et al. 2002). The model was
implemented to include Fe™ competition for binding sites
on fulvic acid (FA), by assuming that Fe(OH); controls the
activity of Fe*™ ions (Tipping et al. 2002). The value of
(Fe3+) was computed from the solubility product (K,) of
Fe(OH); and its standard reaction enthalpy (Egs. 1, 2)

o of 1 1
loglo KSO = loglo KSO =+ 0219 AH (ﬁ — T), (1)

log,o(Fe*") = log,, K¢ — 3pH; (2)

at 298 K, log;oKs,° = 2.7 and the standard reaction
enthalpy AH° = —25,000 cal mol™" (S. Lofts, pers.
comm.). In addition, it was assumed that 50% DOC was
colloidal FA containing 50% C as suggested by Tipping
(pers. comm.), temperature was set to 298 K (25°C) and
PCO, was set to the standard atmospheric pressure 0.0003
(atm). Output from WHAM-VI included the activities of
the free Cd**+ ion, as well as Cd—chloro and Cd-FA (i.e.,
Cd-organic) complexes in soil pore water.

Hydroponic trials

Seeds of Zea mays var. Cameron and Nicotiana tabacum var.
K326 were germinated in perlite and peat, respectively, and
irrigated with a complete nutrient solution (pH = 4.9) con-
taining: (1) macronutrients KNO5; 10 mM, KH,PO,4 2 mM,
MgS047H,0 4 mM, Ca(NO;),-4H,O 13 mM and (2)
micronutrients H3;BO3; 92 uM, MnCl,-4H,O 18.3 uM,
ZHSO4'7H20 1.53 HM, CHSO45H20 64OHM, (NH4)6M07
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0,4-4H,0 30nM, FeSO,4-7H,0, and Na,EDTA 40 uM. After
2 and 7 weeks, respectively, maize and tobacco seedlings
selected for homogeneity were transplanted and grown for 3
(maize) and 1 (tobacco) extra weeks in a 27.5-L hydroponic
tray using aerated complete nutrient solution. The complete
nutrient solution was replaced with a macronutrient solution
(stock 1, pH = 5.1) 2 weeks before transplanting maize
plants to 800 mL treatment cups filled with aerated macro-
nutrient solution. This intermediate phase was necessary to
avoid possible confounding effects such as competition from
micronutrients present in the treatments (Lombi et al. 2001).
Tobacco plants were transplanted to 800 mL filled with
12.5 mM Ca(NOy),. This basic version of the nutrient solu-
tion was used to simplify Cd speciation in the nutrient solu-
tion with respect to the maize trial. Cadmium was added as
Cd(NO3),-4H,0 and Cl™ as NaCl. One plant was trans-
planted per pot, and treatments were applied at the same time
(Table 1). These treatments were chosen to be at concentra-
tions commonly found in salt-affected irrigation water used
for the production of semi salt-tolerant crops (Khoshgoftar
et al. 2004) and principally, to give a range of Cd*" activities
ateach Cl™ level as predicted from speciation modeling using
the program “WHAM-VT’ (Tipping et al. 2002), to provide an
accurate basis for determining the uptake of Cd—chloride
complex forms. In this way it was hoped to determine
unequivocal uptake rates for Cd*™ and CdCI™.

Treatment solutions were replaced after an initial 8 h to
allow for Cd depletion caused by a rapid approach to a
pseudo-equilibrium state between root surface sorption
sites (and onto the experimental pots internal surface) and
the treatment solutions (Lopez-Chuken et al. 2010b).
Maize and tobacco hydroponic trials did not start simul-
taneously due to the differences in the growing rates
between the two plant species.

Throughout the trial, culture containers were topped up
with deionized water on a daily basis. In order to maintain
constant Cd concentrations in the treated solutions

Table 1 Hydroponic experimental design: Cd concentration (added
as Cd(NO;),-4H,0) and speciation as modeled by WHAM-VI in
nutrient solution containing different CI~ concentrations

Treatment Activity (nM)
NaCl (mM) Cd (uM) (Cd*H (cdcrty (cdcid)
Experiment 1: Zea mays var. Cameron
0 0.36 147 0.00 0.00
40 2.17 313 907 115
80 4.85 404 2,254 549
Experiment 2: Nicotiana tabacum var. K326
0 0.36 193 0.15 0.00
40 1.93 298 889 116
80 4.54 391 2,226 553

throughout the exposure time of the plants, samples of 5 mL
were taken from the treatment cups at intervals of 4, 8, and
12 days after treatment (DAT) for the maize trial and 4, 6,
11, and 12 DAT for the tobacco trial. Following analysis,
Cd concentrations in the nutrient solutions were immedi-
ately buffered by adding aliquots from a Cd stock solution
to return the treatment cups to the original concentrations.
Using this method, the Cd concentrations in solution during
the maize and tobacco trials showed only a slight variation
of £3.83 and £4.23%, respectively, compared to the ori-
ginal Cd concentrations shown in Table 1, still, there was a
strong correlation between the time-averaged values and the
original concentrations (R = 0.99).

Twelve DAT, plants were harvested. Shoots and intact root
systems were washed thoroughly with cold deionized water
and excess water removed (blotted) before analyses. The trial
was conducted under glasshouse controlled conditions (16 h,
26°C/8 h, 24°C during day/night, respectively).

Solution and plant analyses

After solution sampling, routine pH measurements were
determined using a combined glass-AgCl electrode (Jen-
way Ltd. 3010 pH Meter, UK). Total organic carbon (TOC)
and total inorganic carbon (TIC) were determined with a
‘Total Organic Carbon Analyser’ (TOC-V CPH/CPN;
Shimadzu Corp. Japan). In soil pore water, cations (Na™,
Mg*", KT, Ca**, and Zn*") were determined by F-AAS
(Varian SpectrAA 200FS, Australia) and anions (Cl-,
SO427, NO3™, and PO43 ) were measured by ion chro-
matography (Dionex, CA, USA). Anion (SO427, Cl,
NO;~, and PO,*7) and cation (Mg*", K", Ca**, and Na™)
concentrations in the hydroponic solutions were assumed to
be constant throughout the trial due to their high initial
concentrations. Cadmium concentrations in solution were
analyzed by Flame-AAS.

After plants were harvested (12 DAT), intact root sys-
tems were washed thoroughly with deionized water. The
roots were then kept in a solution of H,O, (1.5%, 10 mL)
with ultra-pure water at <4°C to avoid biological con-
tamination prior to scanning for morphological character-
istics [e.g., root surface area (RSA)] using WinRIZHO™
(Regent Instruments Inc, Quebec, Canada), a scanner-
based image analysis system. Fresh and dry biomass was
determined. Plant material was finely milled prior to
digestion in hot concentrated HNO; and analysis of Cd
concentrations by Flame-AAS.

Modeling Cd uptake with a “biotic ligand
model (BLM)”

Cadmium uptake by plants as a function of free and Cl™-
complexed ions in soil pore water was modeled using a

)
% @ Springer



72

Int. J. Environ. Sci. Technol. (2012) 9:69-77

form of free ion activity model sometimes called the ‘biotic
ligand model’ (BLM). The present research used a model
parameterization based on the one described in detail by
Lépez-Chuken et al. (2010a, b). This parameterization of
the model assumed initial sorption of free metal ions
(M>™), or defined metal complex species (e.g., MCI™),
from solution onto hypothetical plant root sorption sites
also considering competition between cations and protons
for sorption sites (Datta and Young 2005).

The nutrient solution experiments were specially
designed to implement the BLM to separately model Cd
uptake by plants as a function of the free ion Cd*" and the
CdCI" complexes as modeled by WHAM (VI). In this way,
the Cd uptake constants for the free ion, Cd2+, (using Cd
uptake data from Cl™ -free treatments), and subsequently of
the CdCI" complex (using data from the 40 and 80 mM
CI™ treatments) could be independently determined. This
approach was intended to enable the independent fitting of
ion reaction constants. The best-fit formulation used in the
present research is shown in Eq. (3)

KRR, (C&") KR, (CdCIT)
cdzt + cdcrt
1 + KCd2+ (Cd2+) 1 + KCdCl* (CdCl+)

CdPlant =

where K+ and Kcyc+ are the absorption reactions for the
(Cd”) and (CdCI™), respectively, and ‘KR, is a propor-
tionality constant which expresses the assumption that
metal concentrations in plant shoots reflects the concen-
tration of metal ions adsorbed on root sites integrated over
the growing time of the plant.

Statistical analysis and data quality control

All treatments were replicated threefold in a randomized
block design. Soil and plant variables were analyzed using
ANOVA. Comparisons of mean values were based on their
LSD. A standard reference material (1573a tomato leaves;

NIST, Gaithersburg, MD, USA), containing certified con-
centrations of Cd (1.52 mg kg™' & 3%) was used to
ensure the quality of the data. This quality standard aver-
aged 1.48 + SE 0.03 (n = 8) mg kg~' over the whole
trial. For all analyses, blanks and known standard samples
were analyzed to ensure consistency.

Results and discussion
Soil experiment
Cadmium solubility and speciation in soil pore water

The large values for loss on ignition (LOI = 24%) and Cd
total concentration (58 mg kg™") of the soil used reveals
that this is one of the most heavily amended areas on the
sewage disposal site. Chloride addition rates increased
nearly proportionally to the Cd solubility in soil
(p < 0.001) (Table 2). Background concentrations of Na™
and Cl™ in soil were within a ‘non-saline’ range (Abrol
et al. 1988) (in mM): 1.34 and 1.37, respectively. It has to
be noted that, however, these solubility results were taken
as an approximate reference and are unlikely to fully rep-
resent conditions in plant growth studies. It has been shown
that soil pore water representing the rhizosphere should be
preferably obtained from pots with plants, since factors
such as pH and TOC (Hamon et al. 1998), and hence the
concentration of metals in the soil solution, are signifi-
cantly affected by the presence of root systems. The degree
of solubility and phytoavailability of Cd in soils is affected
by numerous other factors including: plant species (root
exudates) (Kim et al. 2010), clay (Krishnamurti and Naidu
2000), fertilizer practices (Grant and Sheppard 2008),
microbial activity (Jézéquel et al. 2005), and temperature
(Moreno et al. 2002).

Table 2 Chemical characteristics of the soil pore water samples extracted and Cd speciation as modeled by WHAM (VI)

Treatment TOC (mg LY EC (ds m™h [Cd] (nM) [Cdoe] (nM)  Cd inorganic species activity (nM)

NaCl (mM) Ccd** cdcrt cdcig Cdso}

0 (control) 248 5.00 125 99 3354+ 041 0394+ 008 0.00+0.00 0.75+0.18
50 156 6.71 280 59.7 355 £ 6.71 121 £209 182 £3.00 2.68 £ 0.53
100 161 17.1 525 34.1 344 4+ 2.59 311 + 56.1 127 £ 354  1.49 £ 0.25
150 149 16.2 820 68.9 35.9 4+ 2.80 309 + 41.2 117 £ 22.1 1.45 + 0.13
200 161 21.0 1,100 63.2 38.8 + 2.01 416 + 334 197 £262 1.15£0.19
300 235 24.5 1,660 126 33.1 + 8.34 453 £+ 146 280 £ 110 0.81 + 0.15

ek

Electric conductivity (EC) and total organic carbon (TOC) concentrations in solution are also included

Values are means of the replicates (n = 3) £ SE

Cd,,, organic Cd complexes, Cdjy,, total Cd concentration [Cd] minus Cd,,

Means followed by *** are significantly different at 0.05 confidence level
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Table 2 shows the distribution of inorganic Cd species
present in soil solution. Organic Cd-complexes as affected
by the TOC in solution did not show a large variation under
the experimental treatment (75.5 & 13.3 nM, n = 15).
Only Cd2+, cdcit, CdClO, and CdSOg species activity
were included in the tabulated data as they were the inor-
ganic species that predominated in solution (x99%) as
calculated by WHAM (VI). Cadmium complexation with
Cl™ ions was enhanced as the respective salt treatment
concentration was increased (Table 2). It is noted that the
Cd speciation in soil solution shown in Table 2 predicted
almost no changes in the activities of the free ion Cd*"
[35.5 nM £ 0.95 (p > 0.05)] despite the wide range of
NaCl concentrations in soil solution (50-300 mM in soil).
Therefore, a possible cation exchange (Na® for Cd*™)
could not completely explain the differences in Cd content
between the Cl™ treatments because of the high buffering
Cd>™ capacity in soil.

Hydroponic trial
Plant biomass and root morphology

The treatments had no effect (p > 0.05) on the biomass and
RSA of both plants, except for maize dry root weight and
tobacco fresh root weight between Cl= treatments
(Table 3). For both hydroponic experiments, the RSA was
included as a means of expressing Cd uptake by plants. It
was shown in a previous hydroponic trial that the systematic
variation between a dataset is decreased when including this
factor (Lopez-Chuken and Young 2010). Thus, Cd uptake
in plants was expressed as pmol m > RSA.

Plant cadmium concentrations

Table 4 shows that Cd uptake by maize and tobacco plants
was not significantly affected by the experimental treat-
ments (p < 0.05), except for the Cd accumulation in roots
(expressed as pg of Cd) of both plants. This may indicate
that, despite the very low concentrations of Cd selected, the
plants were close to the limit of their Cd uptake rate (i.e.,
the root sorption sites for CACl* complexes were satu-
rated). This suggests that after this assumed saturation
point, CAC1* complexes are possibly not being taken up
with the same efficiency as the free ion Cd** (Boukhars
et al. 2000; Lopez-Chuken et al. 2010b).

In general, Cd uptake by both plant species was con-
sistently better explained by the activity of the Cd—Cl -
complexes in solution (R = 0.56 and 0.39, respectively) as
compared with the activity of the free ion Cd** (R = 0.43
and 0.34, respectively). Several mechanisms have been
proposed to explain chloride-enhanced Cd uptake by
plants. These mechanisms include: (1) the increase in cd*r
free ion activity following cation exchange with the salt
cation (Bingham et al. 1984), (2) reduced diffusion dis-
tances to root surfaces caused by a general increase in Cd
concentration in the soil pore water (Smolders et al. 1998),
and (3) direct uptake of intact CdCli’” complexes (Smol-
ders and McLaughlin 1996). It is also possible that more
than one mechanism may influence Cd uptake (Lopez-
Chuken et al. 2010a). A recent hydroponic trial at constant
Cd>™" activity provided strong evidence of uptake of CdCI™
complexes by Brassica juncea [mechanism (3)] in a system
in which the possible effect of mechanism (2) was avoided
because diffusion was not limiting the uptake of the free

Table 3 Biomass and root surface area (RSA) of Zea mays var. Cameron and Nicotiana tabacum var. K326 plants grown in nutrient solution at

different C1~ concentrations and Cd** activities

Treatment Shoot weight (g) Root weight (g) Root morphology
NaCl (mM) Cd** (aM) Fresh Dry Fresh Dry Surface area (cm?)
Experiment 1: Zea mays var. Cameron
0 119 0.53 £ 0.10 0.07 £ 0.01 0.35 £ 0.03 0.02 £ 0.00 104 £ 1.46
40 313 0.55 £ 0.13 0.10 £ 0.01 0.50 £ 0.07 0.04 £ 0.01 144 £ 2.61
80 380 0.59 £+ 0.07 0.13 £ 0.01 0.43 £ 0.02 0.04 £ 0.00 144 £ 0.35
ns ns ns * ns
Experiment 2: Nicotiana tabacum var. K326
0 145 11.0 £ 1.20 1.33 £ 0.12 2.58 £ 0.51 0.14 £ 0.02 126 + 15.6
40 284 104 £+ 1.77 1.39 £ 0.14 221 £0.20 0.14 £ 0.01 89.3 + 4.86
80 378 114 £252 1.68 £ 0.07 246 £ 0.20 0.14 £ 0.01 102 + 8.71
ns ns * ns ns

Values are means of the replicates (n = 3) + SE
ns non-significant at the 0.05 level of probability
* significantly different at 0.05 confidence level
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Table 4 Cadmium concentrations in plants, ratio of concentrations
Cdgnoot:Cdroo, and  solution-to-shoot transfer factor (TF, L kg™ ")
(Cdghoor:Cdsolution) of Zea mays var. Cameron and Nicotiana tabacum

var. K326 plants grown in nutrient solution containing different C1™~
concentrations and Cd*™ activities

Treatment Cd
NaCl Cd>*t (nM) Root Shoot Root (ng) Shoot (ng) Ratio of Transfer factor
(mM) (mg kgfl) (mg kgf') concentrations (L kgfl)
Cdshoot:Cdroot Cdsnoots:Cdsolution
Experiment 1: Zea mays var. Cameron
0 119 305 + 9.81 23.6 £ 1.40 4.96 £+ 0.15 1.68 £ 0.40 12.9 727
40 313 313 £ 614 23.4 + 8.81 12.2 £ 3.16 2.28 £ 0.78 134 95.5
80 380 395 £+ 39.5 284 £ 2.12 143 £1.23 3.70 £ 0.55 13.9 55.3
ns ns * ns
Experiment 2: Nicotiana tabacum var. K326
0 145 148 + 28.6 54.0 £ 1.47 20.8 £+ 4.09 71.7 £5.55 2.75 1792
40 284 280 £+ 45.3 64.4 £ 134 37.0 £ 1.83 86.0 £ 11.1 4.35 311
80 378 185 + 22.6 542 £ 4.77 26.5 £ 4.00 90.8 £ 5.84 3.42 110
ns ns * ns

Values are means of the replicates (n = 3) &+ SE
ns non-significant at the 0.05 level of probability

Means followed by *, ** and *** are significantly different at 0.05, 0.01 and 0.001 confidence level, respectively

jon Cd*" due to the non-stop circulation of the nutrient
solution (Lopez-Chuken et al. 2010b).

The best correlations between Cd species in solution and
the Cd uptake by maize plants were achieved by expressing
Cd uptake including RSA measurements (i.e., Cd in plant
pmol m~?2 root) (data not shown). Similarly, Berkelaar and
Hale (2000) found that the differences between Cd accu-
mulation in two cultivars of wheat were reduced when
expressing Cd uptake as pg cm~> RSA. Although a pre-
vious research showed evidence of the phytoavailability of
CdSO) complexes using the same maize variety as the
present trial (Lopez-Chuken and Young 2010), for the
present experiment, due to the small proportion of Cd—
sulfate complexes present in solution, it is unlikely that this
ion had a substantial effect on Cd uptake by maize plants.

Implications of chloride-enhanced Cd uptake in (saline)
agriculture

Saline agriculture

The FAO/World Health Organization (FAO 2007) has set a
concentration limit of 0.2 mg Cd kg™"' for vegetables for
human consumption. Lopez-Chuken and Young (2005) and
Lopez-Chuken et al. (2010a) showed examples of the
association between increased Cd content of edible crops
(e.g., maize, alfalfa, Indian mustard, and sunflower) and
chloride salinity in soils. This effect has been originally
reported for potato tubers (McLaughlin et al. 1997), sun-
flower kernels (Li et al. 1994), and wheat grain (Norvell
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et al. 2000) in field studies with irrigation containing CI™
(11-34 mM) and with phosphate fertilizers being the major
Cd inputs to these soils. The results of those studies suggest
that the enhancement of Cd uptake in the presence of Cl™
salinity may be a general trend that occurs in many edible
crops. However, Cd internal distribution and concentra-
tions in different plant organs is highly species-specific
(Ishikawa et al. 2005). Only tolerant crops (hardly any
conventional crops) can be successfully produced with
waters that exceed about 10 dS m ™! (i.e., 100 mM NaCl)
(Abrol et al. 1988).

A preliminary pot trial growing tobacco var. K326
plants during 8 weeks in long-term biosolids amended soil
(58 mg kg~ "), showed considerable Cd phytoaccumulation
in leaves (25 + 2.4 mg kg™', dry weight) (Lépez-Chuken
et al. unpublished data). Therefore, growing tobacco plants
in metal enriched soil may represent an increased risk for
smokers’ health since the concentrations found in this trial
were considerably greater than the Cd concentrations
commonly found in tobacco leaves from agriculture pro-
duction fields (0.1-6.8 mg kg~') (Lugon-Moulin et al.
2006).

Predictions on Cd uptake by maize and tobacco plants
under simulated saline irrigation

A prime objective of this paper was to test the viability of
predicting the uptake of free and complexed Cd species by
two common crops grown in simulated Cd-containing soil
and saline irrigation using different forms of the BLM. To
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Table 5 Coefficients of determination (Rz) between measured and modeled Cd in shoots as pmol m~2 RSA, absorption constants (K) and
transference constant (K;R,) for the best-fit BLM (Eq. 3) in Zea mays var. Cameron and Nicotiana tabacum var. K326 plants

R KR, . Kegt KR, . Keaart
Maize (.53 2.54 x 10® 3.02 x 10? 1.05 x 107 20.9
Tobacco 0.56% 7.97 x 108 5.40 x 10° 248 x 101 1.65 x 10'°

d2+

The constants K;R, ~ and Kp+ resulted from modeling Cd uptake by maize and tobacco plants in the treatments where Cd™™ was the only Cd
Ccd+

species in solution (0 mM NaCl). cd>t uptake constants were included as input values to model Cd uptake from the treatments where CdC1"™ was
present (40 and 80 mM NaCl). Regression coefficients followed by * and *** are significant at 0.05 and 0.001 confidence level, respectively

do this, it was attempted to relate the Cd** and CdClt
uptake constants set by the best-fit BLM parameterisation
(Table 5) obtained from the hydroponic experiments to a
hypothetical case of extreme salinity in a simulated ‘soil’
(using the Cd speciation dataset from the soil solubility
trial). The term salinity refers to the total dissolved con-
centration of major inorganic ions (i.e., Na™, Ca**, Mg?*,
K+, HCO;, SO,>, and C17). However, for this hypothet-
ical case, it is assumed that salinity in soil is entirely due to
the presence of NaCl.

The BLM suggests that the metal ion activity (M*") is
the best predictor for metal bioavailability. However, this
commonly accepted hypothesis has been under scrutiny
(Lopez-Chuken et al. 2010a, b). Complications with the
BLM arise when M*-ligand complexes are predominant in
solution (Berkelaar and Hale 2003; Lépez-Chuken et al.
2010a, b) because mechanisms of possible uptake of M*-
complexes by plants are little understood. In the present
research, most of the inorganic Cd in soil solution was in
the form of CI™ (up to 88.6%) complexes for the CI™
(Table 2). There is growing evidence that the activity of
chloro complexes in soil solution must be considered as
they have been reported to affect plant Cd uptake from soil
solution (Ghallab and Usman 2007; Lopez-Chuken et al.
2010a).

The best-fit BLM predicting the uptake of Cd by maize
and tobacco plants was parameterized expressing Cd
uptake in the whole plants as pmol m™2 root. Regression
coefficients and constants which is used to parameterize the
best-fit BLM for maize and tobacco are shown in Table 5,
when BLM parameterization assumed two single root
sorption sites [without competition between the activities
of the divalent (Cd2+) and monovalent Cd ions (CdCI™),
respectively] and a single transfer constant from root to
shoots (Eq. 3).

Figures 1 and 2 show the predictions for Cd uptake by
tobacco and maize plants under simulated extreme soil
salinity conditions. The soil salinity assumed values were:
‘non-saline’ (1 mM) and ‘very strongly saline’ (200 mM),
according to the criteria of the Food and Agriculture
Organization of the United Nations (Abrol et al. 1988). The
free ion Cd*™ activities were selected to include the values
shown for the soil solution speciation data [Table 2, (in M)
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Fig. 1 Predicted Cd uptake rate (umol m~2 RSA) by Zea mays plants
under simulated “soil” conditions of ‘non-salinity’ (1 mM NaCl) and
‘very strong salinity’ (200 mM) (Abrol et al. 1988) using the BLM
parameterization shown in Table 5
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Fig. 2 Predicted Cd uptake rate (umol m~> RSA) by Nicotiana
tabacum var. K326 plants under simulated “soil” conditions of ‘non-
salinity” (1 mM NaCl) and ‘very strong salinity’ (200 mM NaCl)
(Abrol et al. 1988) using the BLM parameterization shown in Table 5

3.35 x 1077 (p(Cd*™) = 8.5) to 3.88 x 10~ (p(Cd*") =
7.4)] and more widely to be within a range of values (in M)
5.00 x 1072 (p(Cd**) = 8.3) to 3.55 x 107> (p(Cd*") =
4.5) commonly found in soils (n = 177) as described by
Tye et al. (2003). These simulated conditions did not take
into consideration potential physiological stress to plants
due to increased salinity and/or Cd concentrations.

The predicted Cd uptake rates by maize plants (Fig. 1)
were consistently higher (54%) assuming conditions of
‘very strong salinity’ soil compared to the simulated ‘non-
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saline’ soil. According to the BLM, this increase should be
explained entirely due to the uptake of CdCI" complexes.
In a recent study carried out under real soil conditions at
similar C1~ (200 mM) and Cd** (p(Cd*") = 7.0) con-
centrations using maize plants, Lopez-Chuken et al.
(2010a) predicted the Cd uptake rate (pg) for the 200 mM
treatment to be 43.6% higher than the zero chloride treat-
ment due to CdCI' uptake [mechanism (3)]. However,
measured Cd uptake (pug) from the same study showed an
increase of 123%. Therefore, for that case, the observed
difference between modeled and measured Cd uptake
could be attributed to mechanism (2) (i.e., CdC1" acting as
a buffer for Cd*" in soils near the root surface).

On the other hand, it is noted that even when comparing
extreme soil salinity conditions, only little increase in the
predicted Cd uptake rates by tobacco (=~ 15%) is observed
(Fig. 2). This is according to the trend observed in Table 4,
where apparently CdCI* complexes appeared to saturate
their root sorption sites starting at low activities and,
therefore, CACI™ activities greater than this saturation level
do not cause any increase in Cd content by tobacco plants.
Furthermore, this assumption is supported by the little
variation on Cd accumulation rates by tobacco and the
drastic decreases in the Cd transfer factor (Table 4) despite
the variable total Cd concentration and Cd—Cl~ complexes
activities present in nutrient solution as the CI™ treatments
increased (Table 1).

Bearing in mind the previous information and the
anthropogenic Cd inputs to agricultural soils, there is clearly
some potential for risk due to increased Cd uptake by crops
under saline conditions. The BLM parameterization applied
in the present study attempted to simulate conditions com-
monly found in natural Cd and salt-affected soils. However,
caution is needed to extrapolate results obtained from these
models to real soil conditions.

Conclusion

1. Cadmium uptake by maize and tobacco plants was
generally unaffected by the experimental treatments.
This suggests that after an assumed saturation point,
Cd-Cl™ -complexes are possibly not being taken up
with the same efficiency as the free ion Cd*" and,
therefore, CdCI™" activities greater than this saturation
level do not cause any increase in Cd content by plants.

2. According to the BLM parameterization used in the
present study, the predicted Cd uptake rates (Cd in
plant pmol m~? root) by maize and tobacco plants
were consistently higher (54 and 15%, respectively)
assuming conditions of ‘very strong salinity’ soil
(200 mM) as compared to the simulated ‘non-saline’
soil (1 mM). RSA was found to be an important source
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of variation of Cd accumulation by the experimental
plants used.

3. In view of the results of the present research, there is
evidently some potential for risk due to increased Cd
uptake by crops under saline agriculture, especially as
the enhancement of Cd uptake in the presence of CI-
salinity may be a general trend that occurs in numerous
edible crops. While the present study attempted to
simulate conditions commonly found in natural Cd and
salt-affected soils, caution is needed to extrapolate
results obtained from these models to real soil
conditions.
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