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ABSTRACT
Excess of heavy metals in agricultural soils is a matter of concern since it may decrease economic yield
as a result of toxicity and lower product quality as a result of metal accumulation in edible plant parts.
Among plant species and among cultivars within species a natural variation in uptake, translocation and
distribution of trace elements occur. The transference of Cd and Zn, from soil to two lettuce (Lactuca
sativa L.) cultivars grown in greenhouse, was evaluated in separate experiments for Cd and Zn.Plant dry
and fresh matter yield and plant Cd and Zn concentrations were determined. Cultivar CRV showed greater
potential for yield than CMM in both experiments. Cadmium and Zn translocation from roots to shoots
increased with the increase of soil Cd or Zn, for both cultivars. There was Cd translocation from young to
old leaves in CMM but not in CRV whereas for Zn it occurred in both cultivars, being higher in CRV. In
both cultivars, old leaves had higher Cd and Zn concentrations (and lower dry matter yield) than young
leaves. The CRV and CMM cultivars accumulate Cd differently in the leaves and the higher accumulation

occurs in the former. Cultivar CRV also accumulates more Zn compared to CMM.
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INTRODUCTION

Cadmium and Zn uptake by plants depends on the
soil properties, plant species and cultivar, fertilizers,
agronomic management and properties of the metal
source (Chaney 2010). Heavy metal absorption from
soil and translocation to edible plant parts is a potential
risk for the food chain and has to be evaluated based
on soil metal availability and plant efficiency for
metal uptake and translocation (Alleoni et al. 2005).
Soil Zn*" dynamics depends on pH, soil organic
matter and soil clay contents. Zinc can be adsorbed
to particles of Fe, Mn and Al oxides, clays and orga-
nic fraction (Agbenin and Olojo 2004). Cadmium
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has chemical characteristics similar to Zn, is
absorbed by plants as Cd?", and is retained to soil
exchange sites similarly to cationic micronutrients
(Fe?*, Mn**, Zn?" and Cu®"). Whereas Zn forms
layered double hydroxides (LDH) compounds (Zn-
Al) that become more stable over time (Roberts
et al. 2003), LHD formation for Cd has not been
found yet, and most Cd remains in the labile pool
over time (Kukier et al. 2010).

For plants in general, Cd concentrations
in the mature leaf are considered normal (0.05-
0.2 mg kg, excessive or toxic (5-30 mg kg™
and tolerable (0.05-0.5 mg kg') (Kabata-Pendias
2010). In Brazil, the food legislation (ABIA 1991)
allows a maximum of 1.0 mg kg™! Cd in fresh food
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matter (Mesquita Filho et al. 2001). The proposed
limit for Cd in lettuce, for consideration if it should
be used as food, is 0.05 mg kg™ in fresh weight or
4 mg kg'! in dry weight (Simmons et al. 2005). For
rice, the Codex Alimentarius Commission (2006)
established 0.4 mg kg!' Cd as the background for
the grain to be used as food. In the Netherlands, the
background values for Cd in the fresh matter are
0.01 to 0.19 mg kg™ for lettuce, 0.01 to 0.09 mg
kg! for potatoes, and 0.01 to 0.26 mg kg™ for wheat
(Staarink and Hakkenbrak 1991). These background
values express limits for monitoring crop quality
as related to undesirable Cd levels in agricultural
products. For the fodder crops silage maize and
ryegrass the ranges are 0.14 to 6.8 and 0.03 to 0.84
mg kg'!, respectively (Wiersma et al. 1981).
Cadmium provisional tolerable daily intake
is 1 pg per kg of body weight (WHO 2006).
Expressed for a 70 kg adult this value corresponds
to a tolerable daily intake of 70 pg Cd. Plant food
is the highest source of dietary Cd (up to 75%)
and cereals, particularly rice and potatoes may
contribute above 50% of total intake (Louekari
et al. 2000). Chen and Gao (1993) reported that
cereals are responsible for 54.3 % of human daily
intake of Cd, followed by vegetables (23.9 %).
Even being a component of enzymatic proteins
required in plant physiological processes, Zn
can be toxic if present at high concentrations
(Clemens, 2001). In contaminated soils, Zn excess
has been a major environmental concern (Zarcinas
et al. 2004). Its build up on surface soil has been
enhanced by Zn fertilizers, sewage sludge and other
pollution sources (Kabata-Pendias 2010). There are
agricultural soils with deficient and phytotoxic Zn
levels, however, the major concern is with regards to
deficiency (Chaney 2010). Zinc deficiency is a fact in
crops and humans (Hotz and Brown 2004, Welch
and Graham 2004) and is currently listed as a major
risk factor for human health and a cause of death
globally (Cakmak 2008). For most crops, 10 to 100
ug g! Zn in leaf dry matter is considered adequate
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for growth (Pais and Jones Jr 2000). Sugarcane
plants under excess Zn showed poor root growth
due to changes in nutrient contents in different
plant parts (Broadley et al. 2007).

The Brazilian legislation for foods (ABIA1991)
states 50 mg kg™! as the maximum Zn concentration
in the fresh food matter (Mesquita Filho et al. 2001).
In the Netherlands, the background values for Zn in
the fresh matter are 1.2 to 4.3 mg kg for lettuce,
1.9 to 11 mg kg™ for potatoes, 1.9 to 10 mg kg™ for
beans and 19 to 41 mg kg™ for wheat (Staarink and
Hakkenbrak 1991). The Zn DRI (Dietary Reference
Intake) is 11 mg day™! for males and 8 mg day™' for
females (WHO 1996). Contrary to Cd, the ingestion
of food with higher Zn contents is desirable, mainly
in areas where Zn under-nutrition problems are found.

This work aimed to investigate the growth
of two lettuce cultivars in soil amended with Cd
or Zn, determining the concentrations of these
metals in the shoot dry and fresh matter and
the distribution of Cd and Zn in the shoots. The
plant’s metal concentrations were compared to
critical levels for toxicity.

MATERIALS AND METHODS

SoIL

Samples of a loam Red-Yellow Latossol (Oxisols)
from the city of Jodo Pinheiro, state of Minas
Gerais, collected at the 0-20 cm depth and passed
through 2 mm sieve for chemical and physical
analysis (Table I) was used for plant growth. The soil
analysis determined the following: pH in water(1:2.5
soil:water); organic carbon by Walkley-Black
Method (Gaudette et al. 1974); P and K extracted
by Mehlich-1 (dosage of P by molecular absorption
spectrophotometry and K by atomic emission
spectrophotometry); AI’*, Ca?>" and Mg?" extracted
by KCI 1 mol L' (dosage by atomic absorption
spectrophotometry); (H+ Al) extracted by Ca(OAc),
0,5 mol.L!, pH 7,0 and dosage by acid-base
titration; Cd*>*, Fe*!, Zn?*, Cu®*', Mn*' extracted

by Mehlich-1 and dosage by atomic absorption
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spectrophotometry (Defelipo and Ribeiro 1981);
Soil texture by the Pipette Method (EMBRAPA
1997); Field capacity by Richards Method
(EMBRAPA1997). Soil extracts concentrations of
AP**, Ca®*, Mg?" Cd*", Fe?*, Zn**, Cu*" and Mn?*
were determined in a Varian (Model SpectrAA 200)
atomic absorption spectrophotometer (detection
limit 0.005 mg L™! for Cd and Zn), with background
correction, by direct aspiration of solution into air-
acetylene flame (Jordao et al. 2006). Only analytical
grade reagents were used and all glassware and
materials were thoroughly cleaned.

In 3.0 dm?® polyethylene pots, 2.5 dm® of soil
was limed with analytical grade CaCO; and MgCO;
(ratio 4:1 mol) to reach pH 5.8 (CFSEMG 1999)
and the material left incubated for 30 days with
moisture at field capacity.

Doses of Cd (0.0; 0.4; 1.6; 3.2; 9.6 mg dm)
(CdCl1,.H,0) and Zn (ZnS0O,.7H,0) at the recom-
mended dose for horticultural crops in the state of
Minas Gerais (Fontes 1999) were applied to limed
soil in pots. The material was incubated for 25 days,
with moisture at field capacity.

Zinc doses (0.0; 2.0; 6.0; 18.0; 36.0 mg dm)
(ZnS0O,4.7H,0) were applied to limed soil in pots
and the material incubated for 25 days, with mois-
ture at field capacity. The dose 2.0 mg dm™ Zn was
the control for adequate supply based on the Zn
recommendation for horticultural crops in the state of
Minas Gerais (Fontes 1999).

In both experiments, after incubation, one day
before seedling transplanting, the soil in the pot was
fertilized with 60 mg/dm® N (NH,4NO;); 88 mg/dm?
P (NH4H,PO,); 50 mg/dm® K (K,S0,); 2,5 mg/dm*
S (FeSO,); 1.55 mg/kg Fe (FeCl;.6H,0); 3.5 mg/kg
Mn (MnCl,.4H,0); 8.0 mg/dm?® Cu (CuS0O,.5H,0);
4.0 mg/dm® Ni (NiSO,4); 1.0 mg/dm*® B (H;BO3);
0.14 mg/dm? Mo [(NH4)¢Mo07024].

PLANT

CMM and CRV seeds were sown in sand with
moisture for seed germination provided by addition

TABLE I
Chemical and physical properties of
the soil (Red-Yellow Latossol).

Property Value
pH in water (1:2.5) 5.16
Organic carbon (dag kg™)' 1.00
P (mg dm™) 0.93
K (mg dm™)? 23.00
AP (ecmol, dm™)? 1.80
Ca*" (cmol, dm?)® 0.02
Mg** (cmol, dm™)’ 0.23
H + Al (cmol, dm?)* 476
Sum of bases (cmol, dm™) 0.31
Effective CEC (cmol, dm™) 2.13
CEC at pH 7,0 (cmol, dm™) 5.07
Base saturation index (%) 6.27
Al saturag@o index (%) 85.19
Cd (mg dm™) bdl
Fe (mg dm™)’ 33.10
Zn (mg dm™)? 0.26
Cu (mg dm™)? 0.59
Mn (mg dm™)? 5.00
Sand (%)’ 65.00
Silt (%)’ 7.00
Clay (%)’ 28.00
Field Capacity(%)° 10.28

"Walkley- Black Method (Gaudette et al. 1974); Mehlich-1
extraction (Defelipo and Ribeiro 1981); ° 'KCI 1 mol.L™!
extraction (Defelipo and Ribeiro 1981); ¥Ca(OAc), 0,5 mol.L™",
pH 7,0 extraction (Defelipo and Ribeiro 1981); *Pipet Method
(EMBRAPA 1997); ®Richards Method (EMBRAPA 1997);
bdl = below detection limit.

of distilled water. Twenty one days after sowing,
three lettuce seedlings were transplanted into soil
in polyethylene pots. After grown by ten days with
moisture kept at field capacity, two seedlings were
removed and one plant per pot was grown for thirty
four days. Plants were cut near the soil surface and
the roots separated from soil by washing them with
deionized water. The eight basal leaves located at
the lowest position in the plant (old leaves) were
separated from the remaining leaves located closer
to the plant top (young leaves). Shoot and fresh
root weights were recorded, the material dried at
70 °C to constant weight, and dry weight recorded.
Dry samples were grounded in a Willey mill,
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passed through a 16 mesh sieve, and analyzed for
determination of Zn and Cd in the vegetal tissues.
A portion of 0.5 g dry matter of each sample
was digested with nitric-perchloric solution
(Zazoski 1977). Plant
concentrations of Cd and Zn were determined in
a Varian (Model SpectrAA 200) atomic absorption

spectrophotometer (detection limit 0.005 mg L'

and Burau extracts

for Cd and Zn), with background correction, by
direct aspiration of solution into air-acetylene flame
(Jordao et al. 2006). Between groups of samples,
blanks were run to certify that there was no drift
in the instrument. Only analytical grade reagents
were used and all glassware and materials were
thoroughly cleaned.

Cadmium and Zn contents were calculated for
plant dry matter and concentrations of Cd and Zn
were calculated for fresh shoot matter.

STATISTICAL ANALYSIS

The experimental design was a 2 x 5 factorial (2
lettuce cultivars and 5 treatments) arranged in a
randomized block design with 4 replications. Blocks
were set in individual greenhouse benches and pots
rotated weekly among the benches. Experimental
unit was one plant per 3.0 dm? polyethylene pot.

Analysis of variance was performed to
evaluate the effects of doses of Cd and Zn applied
to soil. Linear, quadratic, cubic and exponential
models were tested for adjustment of regression
equations for plant dry matter weight, Cd and Zn
plant concentrations, and Cd and Zn plant contents,
as a function of treatments. Coefficients were tested
based on the residue mean square of the analysis
of variance, up to the 10% probability level. The
software SAEG (Statistical Analysis System)
(Ribeiro Jr 2001) was used.

RESULTS AND DISCUSSION
SOIL Cd AND Zn

Zinc in soil (0.26 mg dm™) was very low Based
on availability for plant absorption (Alvarezet al.
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1999) and Cd was below the instrument detection
limit (Table I). These low Cd and Zn availabilities
found in the Red-Yellow Latosol are related to trace
element characteristics, soil characteristics and the
proportion of available chemical element which is
very small in relation to total element concentration
in soil. The soil nutrient concentration available
for plant absorption is that concentration which
correlates with plant growth (Cantarutti et al. 2007).
Most soil chemical elements are trapped in the soil
structure, or retained in soil complex exchange
in forms not available for root absorption. These
forms, determined as soil total concentrations,
are not useful in soil fertility evaluation. Plant
nutrition and soil fertility studies require the
quantification of soil metal fraction available for
root absorption. Total forms should be analyzed
to evaluate contamination of soil and water table
due to application of inputs to improve agricultural
production. Extraction of Zn** with Mehlich-1 (HCI1
0,05 mol L! + H,SO, 0,0125 mol L!) and DTPA
(DTPA 0,005 mol L' + TEA 0,1 mol L' + CaCl,
0,01 mol L', pH 7,3) has been successfully used for
soil fertility evaluation (Alvarez et al. 1999, Raij et
al. 1996), however there is no method for soil Cd
extraction based on fertility concepts. Cadmium
extraction with Mehlich-1 and DTPA are options
for determination of Cd availability to plants, based
on its similarity with cationic micronutrients Fe,
Mn, Zn, Cu and Ni.

CADMIUM IN PLANTS

Dry matter weight of CMM leaves decreased 47 %
with the soil addition of 9.6 mg dm™ Cd as com-
pared to treatment without Cd; in CRV the decrease
was 51 %. For roots, the correspondent reduction
was 51% (CMM) and 37% (CRV) (Figure 1).
Similar results, but with more severe effects (85%
reduction in shoots and 80% in roots dry matter
weight) was shown by Salviano et al. (2005) in
tobacco grown in 0.4 mg L*' Cd nutrient solution.
In corn, the dry matter and the height of the plants
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decreased significantly with 1.6 mg L' Cd in the
nutrient solution (Nascimento and Fontes 2002).
The highest dry matter yield (8.52 g) was
shown by young CRYV leaves (zero Cd treatment),
whereas the lowest (0.63 g) was shown by old
leaves of CRV grown in soil amended with 9.6
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mg dm? Cd (Figure 1). In CMM cultivar, the
increase of Cd applied to soil decreased the
dry matter in young leaves (exponentially) and
old leaves (quadractically) whereas in CRV the
decrease was exponential for young and old
leaves (Figure 1).
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Figure 1 - Dry matter of: (A) young leaves-YL and old leaves-OL of Mimosa-MM; (B) young leaves-YL and old leaves-OL of
Regina Verao-RV; (C) roots; and (D) whole plant, in lettuce cultivars Mimosa and Regina Verao, as a result of Cd doses applied to

soil (plants were grown for 44 days in the Cd amended soil).

For all Cd doses, in both cultivars, leaf
dry matter weight was higher in young leaves
compared to old leaves, reflecting the higher Cd
concentrations observed in old leaves (Figure 2).

Simultaneously, in treatments with Cd addition
(0.4, 1.6, 3.2 and 9.6 mg dm™) young leaves showed

higher Zn concentrations than old leaves (Table II).
The higher Zn concentrations in young leaves
attenuated the toxic effects of Cd in both cultivars
as compared to old leaves. Some references for Zn-
Cd interactions in plant uptake-transport processes

mention antagonism and synergism between
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Figure 2 - Cadmium concentrations in roots of Mimosa-M and Regina
Verao-RV cultivars and in young leaves-YL and old leaves-OL of
Mimosa-M and Regina Verao-RYV, as a result of Cd doses applied to soil
(plants were grown for 44 days in the Cd amended soil).

them (Kabata-Pendias 2010) and others point  Cd:Zn ratio of Cd input to soil, the lower the ratio
out antagonistic Cd-Zn interaction in some crops the less likely the bioavailable Cd will accumulate
(Chaney 2010). Here, Zn antagonized Cd helping in crops (Chaney 2010).

the plant to cope with its toxicity. Additionally, the The average CRV dry matter weight (calculated
antagonistic effect of Zn over Cd depends on the for treatments with Cd) was 1.6 times higher than
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TABLE I1
Concentrations of Zn in young (YL) and old (OL) leaves and roots of lettuce cultivars
(CMM and CRYV), 44 days after seedlings transplanting to soil treated with Cd doses.

Zinc concentration in plant

Cd Dose CMM CRV
YL OL Roots YL OL Roots
(mg dm™) (nggh
0.0 334 30.1 130.0 22.4 13.1 75.3
0.4 18.9 11.9 122.7 31.3 16.4 63.3
1.6 16.5 7.5 110.5 29.6 21.6 65.7
32 23.2 12.6 165.7 30.8 17.7 71.3
9.6 21.0 6.5 181.2 34.6 25.5 72.7
Means* 20.0 9.6 145.0 31.6 20.3 68.2

*Excluding treatment with 0.0 mg dm™ Cd.

for CMM cultivar (Figure 1), and Cd concentrations
in CRV leaves for most Cd doses were about 2 to
3 times greater than in CMM leaves (Figure 2).
Concomitantly, shoot Zn concentrations were
higher in CRV than in CMM (Table II). This might
have contributed towards CRV leaves coping with
Cd detrimental effects in plant photosynthetic
system. Additionally, Cd contents in leaves were
higher in CRV cultivar (Figure 3). Compared
to CMM, CRV cultivar had higher potential for
growing when exposed to Cd. Considering the
average of Cd concentrations in roots, the cultivars
were similar (68.5 ug g in CMM and 62.5 pug g!
in CRV) (Figure 2), however, the contents in roots
were higher in CRV (103 pg plant!) than in CMM
(44 pg plant™) (Figure 3). This confirms the higher
potential of CRV to grow when exposed to Cd. That
is an advantage in terms of agricultural yield but a
disadvantage considering product quality. In soils
with Cd availability (Mehlich-1 extraction) above
reasonable limits, higher Cd accumulation in CRV
shoots will lower quality of produced lettuce. The
concern with Cd is that in contaminated soil Cd**
stays in the soil labile pool promptly available for
plant uptake (Kukier et al. 2010), posing a higher
risk for Cd entry in the food-chain.

It is known that the retention of Cd in a hyper-
accumulator grass occurs mainly in the xylem roots

and in the epidermis leaves (Solis-Dominguez et
al. 2007), and in the roots it occurs by adsorption,
vacuolar sequestration, insoluble salt precipitation
and phytochelatin complexation (DalCorso et al.
2008). The retention also occurs by Cd bound to
organic acids (COOH/OH) groups and/or cell wall
components (Huguet etal. 2012) as well as to leaves
and root cell walls of epidermal and bundle sheath
vacuoles, playing a major role in the plant metal
tolerance (Hu et al. 2009). More recently, Qiu et
al. (2012), discussing experimental results, pointed
out a clear indication that internal detoxification
of Cd is achieved in the vacuoles. In the present
work, even with CRV plants accumulating more
Cd in their tissues (Figure 3) this cultivar produced
more dry matter than CMM (Figure 1). It seems
that a more efficient vacuolar structure for Cd
sequestration/storage was active in CRV plants,
which was responsible for its enhanced growth,
in spite of higher accumulation of Cd in roots and
shoots compared to CMM cultivar. Hence, the
action of those mechanisms protecting the CRV
photosynthetic apparatus against Cd assured the
differential response of this cultivar to cope with
the metal detrimental effects. The effective action
of Cd inhibiting photosynthesis has been shown
in corn (Ferretti et al. 1993), pea, and sugar beets
(Greger et al. 1994).
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Figure 3 - Cadmium contents in in roots of Mimosa-M and Regina
Verao-RV cultivars and in young leaves-YL and old leaves-OL of
Mimosa-M and Regina Verao-RV, as a result of Cd doses applied to
soil (plants were grown for 44 days in the Cd amended soil).

The CMM Cd concentration varied in order:

roots > old leaves > young leaves (Figure 2).
In shoots of both cultivars, the percentage of Cd
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tended to decrease as a result of the elevation of the
Cd dose applied to soil, with simultaneous metal
increase in roots (Table I1I). Compared to the lower
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Cd doses, the highest (9.6 mg dm™) resulted in an
increase of Cd percentage in CRV roots (from 20
%, or less, to 25 %) and a decrease in shoots (from
80 %, or more, to 75 %).

TABLE III
Cadmium distribution between shoots and roots
and between young and old leaves in lettuce
cultivars CMM and CRY, 44 days after seedlings
transplanting to soil treated with Cd.

Cd distribution between shoots and roots

Cd Doses CMM CRV
Shoots Roots Shoots Roots
(mg dm”) %)
0.0 71 29 80 20
0.4 81 19 84 16
1.6 73 27 80 20
3.2 74 26 81 19
9.6 66 34 75 25
Cd distribution between young and old leaves
CMM CRV
YL OL YL OL
(%)
0.0 90 10 77 23
0.4 66 34 87 13
1.6 65 35 85 15
3.2 59 41 84 16
9.6 55 44 78 22

Similarly, the correspondent variations in
CMM were the increase from 29 (or less) to 34
% (roots) and decrease from 71 (or more) to 66 %
(shoots) (Table III). This indicates that when the
plants were exposed to high soil Cd its retention
in roots increased notwithstanding the fact that
Cd is a mobile element, easily absorbed by roots
and transported to shoots. Although Cd mobility
facilitates the uniform Cd distribution between
roots and shoots, the plants tend to inhibit the
transport of toxic elements from the roots to other
parts, as a protection mechanism for the plant.

In CRV plants, 20 % Cd was in roots and 80%
in shoots (average for all treatments) whereas in
CMM the correspondent values were 27 (roots) and

73% (shoots), indicating a higher root to shoot Cd
translocation in CRV cultivar. It should be noted that
even with higher percentage of Cd in shoots (Table
II), CRV cultivar produced more shoot dry matter
than CMM (Figure 1), confirming the better growth
of CRV under exposure to available Cd in the soil.

In the CMM cultivar, Cd percentage in young
leaves decreased and in old leaves increased when
higher doses of Cd were added to soil (Table III)
suggesting that metal translocation from young to
old leaves had been improved. Differently, in CRV,
even with the increase of the CdCl,.H,O added to soil
the Cd percentages in old and young leaves stayed
relatively uniform (Table III), indicating no effect of
Cd treatments in Cd translocation within shoots.

The Brazilian legislation for foods (ABIA
1991) establishes 1.0 mg kg™! Cd as the maximum
allowed concentration in fresh food matter
(Mesquita Filho et al. 2001). In treatments with
0.0 and 0.4 mg dm™ Cd, CMM fresh shoot matter
showed Cdconcentrations below that maximum
limit whereas in treatments with 1.6, 3.2 and 9.6 mg
dm? Cd the limit was surpassed by, three and six
times, respectively. In CRV cultivar, with no soil
added Cd, shoot Cd concentrations were below the
maximum limit whereas with 0.4, 1.6, 3.2 and 9.6
mg dm™ soil added Cd, the metal in shoots reached
twice, three, four, eleven and seventeen times that
limit, respectively (Table V).

Based on the Cd provisional tolerable daily
intake (57-71 pg) set for an adult with 70 kg
weight (WHO 2006), the limit range would be
reached with a daily consumption of 70.3 g of
CMM lettuce (produced in soil treated with
0.4 mg dm™ Cd) (Table 1V). For 1.6, 3.2 and
9.6 mg dm™ Cd treatments, that limit would
be reached with 28.6, 16.0 and 9.3 g of CMM
lettuce, respectively (Table IV). For CRYV, a daily
consumption of 29.3 g of lettuce produced in soil
amended with 0.4 mg dm™ Cd would be enough
to reach the limit (Table IV). In treatments
with 1.6, 3.2 and 9.6 mg dm™ Cd, the limit
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TABLE 1V
Fresh matter weight of shoots (SFM), Cd concentrations in fresh shootmatter* (CdSFM) and amount
of lettuce (Lettuce) to be consumed daily to reach the Cd provisional tolerable daily intake limit** for
cultivars CMM and CRY, 44 days after seedlings transplanting to soil treated with Cd doses.

CMM CRV

Cd dose SFM CdSFM Lettuce SFM CdSFM Lettuce
(mg dm™) €3] (mgkg") (8 (8 (mg kg™) (®)

0.0 75.08 0.04 1425.0 86.70 0.05 1140.0
0.4 59.19 0.81 703 75.36 1.94 293
1.6 55.26 1.99 28.6 80.90 3.73 152
32 54.23 3.56 16.0 64.22 10.78 5.3
9.6 32.40 6.13 93 4338 16.87 3.4

* Maximum Cd concentration in fresh food matter (Brazilian legislation) = 1.0 mg kg (Mesquita Filho et al. 2001);
**Cd provisional tolerable daily intake limits for an adult = 57-71 pg (WHO 2006).

would be reached with 15.2, 5.3, and 3.4 g of
CRV lettuce, respectively (Table 1V). Although
having more potential for growth, CRV cultivar
represents a greater risk than CMM as related to
the Cd transference from soil to vegetables in
Cd contaminated soils. Cadmium is potentially
harmful for plants posing a risk as environmental
contaminant. It is one of the most toxic metals
and exhibits adverse effects in humans, animals
and plants, with great potential to adversely affect
the environment and the quality of food (Kabata-
Pendias 2010). Animal manure and fertilizers
contribute most to Cd input in arable land in the
Netherlands (Dach and Starmans 2005) and soil
contamination with Cd is believed to be a serious
health risk (Kabata-Pendias 2010). Measures to
minimize its entry in the soil-plant system via
agricultural inputs would contribute to prevent a
long term basis Cd contamination.

ZINC IN PLANTS

For both cultivars, there was no effect of soil
applied Zn in shoot dry matter yield. The same
was observed for root and total dry matter yield of
CMM. On the other hand, the CRV root and total dry
matter yield decreased exponentially as a function
of soil added Zn (Figure 4). Zinc toxic effects
were shown in sugarcane plants under excess Zn,
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expressed by poor root growth due to changes in
nutrient contents in different plant parts (Broadley
et al. 2007). Comparing the two cultivars, CRV
produced more dry matter than CMM (except in the
old leaves). The average total dry matter weight (for
Zn treatments) in CRV plants was 11.2 g whereas in
CMM plants it was 6.7 g (Figure 4). This suggests
CRYV has higher potential for growth compared to
CMM in a Zn amended soil.

Plant
concentrations of Zn in their tissues (Boardman

species, in general, tolerate high
and McGuire 1990). Besides Zn vacuolar compart-
mentalization, cited as a potential mechanism
for Zn detoxification (Hall 2002), its retention
by linking to the molecule of phytic acid in non
vacuolated tissues may also play a role in Zn
detoxification (Marschner 1995). Addition of 36
mg dm™ Zn (highest dose) to the soil resulted in Zn
concentrations (old leaves and roots) above 1000
ug g'!, for both cultivars (Figure 5).

Even though those concentrations were about
ten times the adequate range for growth of most
crops (10-100 pg g') (Pais and Jones Jr 2000),
there was no remarkable dry matter weight decrease
in comparison to treatments with lower Zn doses
(Figure 4). These observations suggest that lettuce
is among the plant species that tolerates high
concentrations of Zn. Mechanisms that improve Zn
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Figure 4 - Dry matter of: (A) young leaves-YL and old leaves-OL of Mimosa-MM; (B) young leaves-YL and old leaves-OL of
Regina Verao-RV; (C) roots; and (D) whole plant, in lettuce cultivars Mimosa and Regina Verao, as a result of Zn doses applied to

soil (plants were grown for 44 days in the Zn amended soil).

sequestration for vacuolar compartmentalization
and Zn retention by bounding to the phytic acid
molecule may be active in the lettuce tissues.

In the present work, Zn concentrations in
young leaves, at the highest Zn dose, were below
500 ug g™ and about three times lower than in old
leaves (Figure 5). Young leaves grew more than old
leaves (Figure 4) and lettuce plants did not show
any symptoms of Zn toxicity. As related to plant
nutritional status, Zn in young leaves seem to better
express the plant Zn nutritional status than Zn in
old leaves.

The average of Zn concentrations in young and
old leaves of CRV were about 1.8 times greater as
compared to CMM cultivar and the correspondent
values of Zn contents in shoots were about two times
greater (Figures 5 and 6). Although there were no
considerable differences in Zn root concentrations
between cultivars, Zn contents in CRV roots were
about 2.5 times higher than in CMM (Figure 6).
Nevertheless, the dry matter produced by CRV
was about 1.7 times greater than in CMM (Figure
4), suggesting that the CRV cultivar has higher
potential for yielding than CMM.

An Acad Bras Cienc (2014) 86 (2)



918 RENILDES L.F. FONTES, JULIANA M.N. PEREIRA and JULIO C.L. NEVES

15007 @M ¥ =103004+273112" X

R*=097

ARV 7 =111473+339781" Y R =097

1250 -

0+ : : : : !
6 12 18 24 30 36
1400 -
® YL §=51736+6806"X R®=098
AOL ¥ =-2259+27707"X R’ =099
1050 |

A

0 T T - -
0 6 12 18 24 30 36
2000 . N .
o vi, 7=29900+28374' X -0423X> R* =0.99
A:_ i o w0 2 _
1600, AOL T=-39054r9596 X -158TX" R* = 0.8
1200 E
8001 RV
400 "
0 ‘ ‘ ‘ ‘ ‘
0 6 12 18 24 30 36

Zinc doses (mg dm)

Figure 5 - Zinc concentrations in roots of Mimosa-M and
Regina Verao-RV cultivars and in young leaves-YL and old
leaves-OL of Mimosa-M and Regina Verao-RYV, as a result of
Zn doses applied to soil (plants were grown for 44 days in the
Zn amended soil).

As Zn applied to soil became higher, the
percentages of Zn diminished in roots and increased
in shoots (Table V), showing that with more Zn its
translocation from roots to shoots increased, in both
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Figure 6 - Zinc contents in roots of Mimosa-M and Regina
Verao-RV cultivars and in young leaves-YL and old leaves-
OL of Mimosa-M and Regina Verao-RV, as a result of Zn
doses applied to soil (plants were grown for 44 days in the Zn
amended soil).

cultivars. The average percentage of Zn in CRV
was 30 % in roots and 70 % in shoots whereas for
CMM the correspondent values were 25 % and 75
%, showing that translocation was higher in CRV.
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TABLE V
Zinc distribution between shoots and roots
and between young and old leaves in lettuce
cultivars CMM and CRY, 44 days after seedlings
transplanting to soil treated with Zn.

Zn distribution between shoots and roots

Zn doses CMM CRV
Shoots Roots Shoots Roots
(mg dm™) (%)
0.0 66 34 59 41
2.0 75 25 68 32
6.0 79 21 75 25
18.0 73 27 75 25
36.0 80 20 71 29
Zn distribution between young and old leaves
CMM CRV
YL OL YL OL
(%)
0.0 82 18 92 8
2.0 75 25 82 18
6.0 62 38 83 17
18.0 51 49 76 24
36.0 43 57 78 22

In shoots, comparing the zero dose to 36 mg dm™
Zn, there was an increase of Zn percentage in old
leaves (three times in both cultivar) and a decrease in
young leaves (1.2 times in CRV and twice in CMM)
(Table V), showing that Zn translocation from
young to old leaves occurred in both cultivars.

Comparing Zn distribution between old and
young leaves, with 36 mg dm™ of soil applied Zn,
CMM and CRYV old leaves had 57 % and 22 % (43
% and 78 % in young leaves), respectively. Taking
the average from all treatments, the correspondent
values were 37 % and 18 % for old leaves (63 % and
82 % for young) (Table V). The difference shows a
higher translocation of Zn from old to young leaves
in cultivar CRV.

The maximum Zn concentration allowed
in fresh food matter by the Brazilian legislation
is 50 mg kg'! (ABIA 1991, Mesquita Filho et al.
2001). In all Zn treatments, fresh shoot matter Zn
concentrations in CMM were below this reference
level, whereas in CRYV, the limit was surpassed in
soil that received 18 and 36 mg dm™ Zn (Table VI).

TABLE VI
Fresh matter weight of shoots (SFM), Zn
concentrations in fresh shoot matter* (ZnSFM) and
amount of lettuce (Lettuce) to be consumed daily
to reach the Zn provisional tolerable daily intake
limit** for cultivars CMM and CRY, 44 days after
seedlings transplanting to soil treated with Zn doses.

CMM CRV
Zndose SFM ZnSFM Lettuce SFM ZnSFM Lettuce
(mgdm?®) () (mgkg) (2 (9 (mgke) (9
00 6414 273 7692  90.07 237 8860
20 6823 571 3678 8843 11.75 1787
6.0 6489 1158 1813 83.04 20.66 1016
180 57.86 23.64 888  77.85 5237 401
36.0 58.72 43.76 480  70.18 7224 290

* Maximum Zn concentration in fresh food matter (Brazilian
legislation) = 50 mg kg' (Mesquita Filho et al. 2001);
**7Zn provisional tolerable daily intake limits for an adult =
21-70 mg (WHO 2006).

Based on the Zn provisional tolerable daily
intake set for an adult (70 kg body weight) which
is 21-70 mg Zn (WHO 2006), this limit would
be reached with a daily consumption of 3678,
1813, 888 and 480 g of CMM lettuce (grown
in soil fertilized with 2, 6, 18 and 36 mg dm™
Zn, respectively) (Table VI). For CRV cultivar,
a smaller amount would be required since with a
daily consumption of 1787, 1016, 401, and 290 g
of lettuce (grown in soils amended with 2.0, 6, 18
and 36 mg dm™ Zn, respectively) the limit would
be reached (Table VI). This shows that both
lettuce cultivars may accumulate considerable
amounts of Zn in lettuce leaves, with CRV
accumulating more than CMM. However, it is
unlikely that lettuce daily consumption of both
cultivars will cause Zn toxicity problems. In fact,
a daily consumption of 290 g of CRV and 480 g
of CMM (produced in soil amended with 36 mg
dm™ Zn) would be required to reach the lower
limit (21 mg Zn).

The recommended USA eating plan for a daily
supply of 2000 calories includes a consumption
of 2 to 2.5 cups of vegetables (Dietary Guidelines
for Americans 2005) (lettuce is a component of
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the vegetable group in the dietary guidelines).
Considering 1 cup equivalent to 28.5 g, the weights
for the cups would be 57 to 71 g.

Consumption of 60 g CRV lettuce would
provide 0.70, 1.24, 3.14 and 4.33 mg Zn (for plants
grown with 2, 6, 8 and 36 mg dm™ Zn, respectively).
For CMM, it would be provided by 0.34, 0.69,
1.42, and 2.63 mg Zn (60 g lettuce grown with 2,
6, 8 and 36 mg dm™ Zn, respectively), about half
as compared to CRV. Taking only lettuce to fulfill
the vegetable group recommendation (USA 2000
calories eating plan) and taking into account the
Zn DRI (Dietary Reference Intake) for males (11
mg day™') (WHO 1996), 60 of CRV would provide
6.4, 11.3, 28.5 and 40.0 % of Zn DRI (with plants
grown with 2, 6, 8 and 36 mg dm™ Zn, respectively)
and CMM would provide 3.0, 6.2, 12.9, and 23.9
% of Zn DRI. CRV would transfer about twice Zn
to food-chain as compared to CMM, per unit of
lettuce consumed.

It has to be noted that the recommended Zn
dose for lettuce production in the state of Minas Gerais
is 3 mg dm™ (Fontes 1999) which corresponds to
6 kg ha'! Zn, hence 36 mg dm™ (72 kg ha™') Znis a
very high dose compared to that.

Considering only lettuce to fulfill the vegetable
group in the USA eating plan, 60 g CRV and 60 g
CMM (produced with the highest Zn dose) would
provide 40.0 % and 23.9 % Zn DRI, respectively.
Considering Zn inputs for agricultural production,
that amount (72 kg ha™!) might result in a long term
basis soil Zn build up, which is a concern.

Zinc deficiency has been frequently associated
to nutrition problems in humans, thus its excess
in plants is not a matter of concern as it is for Cd.
Even consuming appreciable amounts of high Zn
leafy vegetables, the occurrence of Zn toxicity
in humans is unlikely (Chaney 2010). In fact,
the research goal in numerous studies around the
world has been to improve crop management for
Zn increase in food. Recently, Hussain et al. (2012)
reported high soil application of Zn, increasing
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estimated Zn bioavailability to humans. Nutrient
crop biofortification has been a matter of extensive
research in recent years.

CONCLUSIONS

- The cultivar CRV showed greater potential for
yield than CMM in both experiments.

- Cadmium and Zn translocation from roots to
shoots increased with the increase of soil applied
Cd or Zn, for both cultivars.

- Translocation from young to old leaves was
observed for Cd in CMM but not in CRV shoots
whereas for Zn it occurred in both cultivars, with a
higher rate in CRV.

- The CMM and CRYV cultivars showed a differential
risk of Cd transference from soil to food-chain
which was higher in CRV. In order to reach the
provisional tolerable daily intake of Cd, the CMM
lettuce should be consumed at least twice as much
as the CRV.

- There is a differential risk of Zn transference from
soil to food-chain between the cultivars and the
CRYV transferred more Zn than the CMM.

- Even with Zn soil addition at doses considerably
higher than the usually recommended for lettuce,
the risk of Zn toxicity by lettuce consumption
is unlikely. However, high doses applied
systematically in agricultural soils may lead to a
soil Zn build up on a long term basis, which is a
matter of concern.
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RESUMO

Excesso de metais pesados em solos agricolas ¢ motivo
de preocupagdo uma vez que pode diminuir a produgdo

economica devido a toxidez e reduzir a qualidade
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do produto devido ao acimulo de metais nas partes
comestiveis. Entre espécies, ¢ mesmo entre cultivares, ha
natural variagdo na absor¢do, translocacdo e distribuicao
dos elementos trago. Foi avaliada a transferéncia de Cd e
Zn do solo para duas cultivares de alface (Lactuca sativa
L.), cultivadas em casa de vegetagdo em experimentos
individuais para Cd e Zn. Produ¢do de matéria fresca e seca
e concentragdes de Cd e Zn foram determinados. A cultivar
CRV mostrou maior potencial de crescimento comparado a
CMM, nos dois experimentos. A translocagdo de Cd e Zn das
raizes para a parte aérea aumentou com o aumento das doses
de Cd ou Zn adicionadas ao solo, para ambas cultivares.
Houve translocag@o de Cd das folhas jovens para as velhas
na CMM, mas ndo na CRV, enquanto para Zn a transloca¢ao
ocorreu para as duas cultivares, sendo maior na CRV. Nas
duas cultivares, as concentra¢des de Cd e Zn foram maiores
(e as produgdes de matéria seca, menores) nas folhas velhas
em comparacdo com as novas. As cultivares CRV ¢ CMM
acumulam Cd nas folhas de forma distinta, ocorrendo maior
actimulo na CRV. Também para Zn, a CRV acumula mais o
nutriente nas folhas do que a CMM.

Palavras-chave: caidmio, qualidade de alimentos, alface,

nutri¢do de plantas, solo, zinco.
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