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Abstract

The purpose of the research was to examine the extent to which
the type of soil co-contaminated with Cd, Pb and Zn affected the
accumulation and distribution of these metals in maize; a crop
that plays a significant role in feeding of animals and humans.
Two 1-year microplot experiments were conducted using four
types of soils. The soils were as follows: sandy soil with a low
content of organic matter (S1), sandy soil of analogical granu-
lometric composition, but with a higher content of organic mat-
ter (S2), loess poor in organic matter (L1) and the same loess
with its higher content (L2). The differences between the soils in
terms of the availability of individual metals for maize and their
transport from the roots to the aerial parts were evaluated on the
basis of bioaccumulation factors (BF) and translocation indexes
(TL). It was found that maize cultivation on the soil poorly pol-
luted with Cd, Pb and Zn, regardless of its type, poses the dan-
ger of translocation of these metals to the grains in the amounts
exceeding the maximum limit in foods. However, the amount of
metals accumulated in the grain, as well as in the cobs, do not
exclude the use of these plant parts for feed.

©10$-PIB

1. INTRODUCTION

Heavy metals in the soil, originating both from natural and an-
thropogenic sources, can be a threat to the health of animals
and people. In the case of translocation of metals from the soil
to the food chain, the first link of which is a plant, the key matter
is the safety of the edible parts, meant for feed, processing and
direct consumption. Excessive amounts of metals in the soil occur
mainly in the areas centred around energy, mining and metallurgy
industries; however, dust contaminants can be transferred to the
regions located far from the industry centres, causing soil con-
tamination with metals to various extents. Highly contaminated
soils should be excluded from agricultural production. On low or
medium contaminated soils, agricultural production can be per-
formed under the condition of using certain species limitations and
periodical control of the amounts of metals in consumption parts

Streszczenie

Celem badan byto sprawdzenie, w jakim stopniu rodzaj gleby za-
nieczyszczonej facznie Cd, Pb i Zn wptywat na akumulacje i dystry-
bucje tych metali w kukurydzy jako roslinie odgrywajacej znaczaca
role w zywieniu zwierzat i ludzi. Przeprowadzono 2 jednoroczne
doswiadczenia mikropoletkowe, z uzyciem 4 rodzajow gleb. Byly
to gleby: piaskowa o matej zawartosci materii organicznej (S1),
gleba piaskowa o analogicznym sktadzie granulometrycznym, ale
0 wiekszej zawartosci materii organicznej (S2), less ubogi w ma-
terie organiczng (L1) i ten sam less z wigekszg jej zawartoscig (L2).
Ro6znice miedzy glebami w dostepnosci poszczegdlnych metali dla
kukurydzy oraz ich transporcie z korzeni do czesci nadziemnych
oceniano na podstawie wspdiczynnikéw bioakumulaciji (BF) i trans-
lokacji (TL). Stwierdzono, ze uprawa kukurydzy na glebie stabo
zanieczyszczonej Cd, Pb i Zn, niezaleznie od jej rodzaju, stwarza
niebezpieczenstwo przedostawania sie tych metali do ziarna w
ilosciach przekraczajacych dopuszczalne zawartosci w produktach
zywnosciowych. Jednakze iloSci metali zgromadzone w ziarnie, jak
rowniez w osadkach kukurydzy, nie wykluczajg mozliwosci przezna-
czenia tych czesci roslin na pasze.

of plants [Kabata-Pendias et al. 1993]. Maximum levels of some
metals (Pb, Cd, Hg, As) were determined for certain products of
plant origin meant for consumption [Rozporzadzenie... 2003].

The ability to uptake excessive amounts of metals from the soil by
crops depends on the characteristics of the plant species. Different
species of plants developed various physiological barriers and de-
fense mechanisms limiting the uptake of metals and their detoxifi-
cation in tissues [Seregin et al. 2004, Seregin, Kozhevnikova 2005,
Figueroa et al. 2008]. The amount of the metals absorbed by plants
is determined by properties of these metals [Burl6 et al. 1999] and
interactions with other elements and soil pollutants [Shanker et al.
1996, Cui et al. 2004, da Cunha, do Nascimento 2009, Zhang et
al. 2009]. Some physicochemical properties of the soil may result
in the retention of metals in the soil, which limits their uptake by
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plants. Retention of metal ions in the soil occurs mainly through
the processes of adsorption, surface precipitation and fixation.
The main connections involved in the adsorption of metals in the
soil are primarily inorganic colloids, such as clay minerals, metal
oxides and hydroxides, carbonates and phosphates, as well as
colloidal organic matter and micro-organisms, such as algae and
bacteria [Bradl 2004]. Adsorption of metals on the clay minerals
increases in the following order: Mn<Pb<Cd<Zn<Cu<Ni<Cr [Abol-
lino et al. 2003]. The main parameters affecting the adsorption of
metals in the soil are pH, texture of the soil, organic matter con-
tent and its structure [Kalbitza, Wennrich 1998, Peralta-Videa et al.
2002, Szabo, Czellér 2009]. Low pH and a small fraction of clay
and organic matter in the soil increase the availability of metals
to plants [Kabata-Pendias 2004, MacLean 1976, Martinez, Motto
2000, Sktodowski et al. 2006].

Metals absorbed by the plant are accumulated in the tissues and
organs to varying degrees. Most species retain metals in the roots
[Shanker et al. 1996, Seregin et al. 2004, Suthar et al. 2014, Shao
et al. 2007], but there are cases where a higher metal content was
found in the aerial parts than in the roots [Cao et al. 2007, Szabo,
Czellér 2009].

The aim of this work was to verify to what extent the type of soil
co-contaminated with Cd, Pb and Zn affects the accumulation and
distribution of these metals in maize, which plays a significant role
in human and animal nutrition.

2. MATERIALS AND METHODS

Two 1-year experiments with maize were carried out in concrete-
framed microplots with the dimensions of 1 x 1.2 x 1 m. The mi-
croplots filled with sandy soil and loess, which 10 years earlier had
been contaminated with metals (Cd+Pb+Zn) to a low or medium
level according to the IUNG classification [Kabata-Pendias et al.
1993]. Two years before the cultivation of maize, on the part of
the plots, garden peat with a specific gravity of 0.25 kgI', pH 6.5,
OM - 45.2% was introduced into the soil, at a dose of 40 Iem=. In
this manner, two sandy soils were obtained with the same degree
of metal contamination, but differing in organic matter content, as
well as two analogically varied loess (Table 1).

The experiment was conducted in the complete randomization de-
sign, in four replications. Maize plants were sown in May 2011 and
2012, leaving eight plants in each plot after the thinning. Pre-sow-
ing fertilization was used with N — 4.0, P—-2.4 and P - 9.6 gem=
and the top dressing with N — 8.0 g*m=. In the periods of drought,
the plants were watered. Plants were harvested at the stage of
harvest maturity by cutting the entire aerial parts from each plot
and dividing them into ears and straw. The straw was composed
of stems with leaves. Then, the ears were separated into cobs and
grain. The roots were dug up, brushed off from the remaining soil
and washed on a sieve with distilled water. All parts of the maize
were dried at 60°C. Then, it was ground into a fine powder and the
samples were taken for chemical analysis.

The concentrations of heavy metals in samples of plant, after ash-
ing in a muffle furnace at 500°C, and dissolved with 20% nitric acid
(PN-R-04014: 1991), was determined by atomic absorption spec-
trometry of atomization in the flame (FAAS). All analyses were per-
formed in Central Laboratory of Institute of Soil Science and Plant
Cultivation in Putawy, certified by Polish Centre of Accreditation
(certificate no. AB 339) according to PN-EN ISO/IEC 17025.

The soils were determined for pH, total organic carbon (TOC), total
content of Cd, Pb and Zn, and texture (Table 1). The pH was mea-
sured potentiometrically in KCI solution (ISO10390: 2005), TOC by
the Tiurin’s method using potassium dichromate (PN-ISO14235:
2003) and texture by an aerometric method (PN-R-04033: 1998).
Total contents of Cd, Pb and Zn were determined by FAAS after
mineralization in aqua regia.

3. RESULTS AND DISCUSSION

From the soil co-contaminated with Cd, Pb and Zn, maize accu-
mulated metals depending on its texture and organic matter con-
tent. Based on the bioaccumulation factor (BF), it found that, in
general, the plants accumulated the most metals from the sandy
soil with low organic carbon content (S1) in the order of Zn>Cd>Pb
(Table 2). The metals were accumulated in such an order both in
roots and in aerial parts — straw, cobs and grains.

Maize accumulated lower amount of metals from the loess poor
in organic matter (L1) than from sandy soil S1. BFs on L1 were
lower in comparison with the soil S1 and occurred in the following
order: Cd>Zn>Pb for the roots and straw, while in the cobs and
grain in the order of Zn>Cd>Pb. A similar order of bioaccumulation
of metals in aerial parts of maize was reported by other authors
[Jasiewicz et al. 2008], while under the conditions of “non-contami-
nated areas”, bioaccumulation of metals in grain and aerial parts of
maize occurred in the order of Zn>Pb>Cd [Lavado 2006].

The biggest difference between soil S1 and L1 occurred in the
bioaccumulation of Zn and Pb in maize. BFs for Zn in the soil L1
were by about 85% lower compared with S1, and the BFs for Pb
by about 75-85% lower, depending on the part of maize. Cd ac-
cumulation in the soil L1, as compared with S1, was only by about
30-40% lower in the roots, straw and cobs while the grain is better
protected than the other parts of the plant. BF for the grain in L1
soil was approximately 75% lower compared with S1.

In the literature, we can find reports on the impact of humic
substances on the bioavailability and phytotoxicity of some met-
als [Lamelas et al. 2005, Kungolos et al. 2006, Wu et al. 2002,
Kang et al. 2011]. In the studies carried out on two soils with the
same granulometric composition, but differing in organic matter
content, there was a decrease in Cd concentration in maize and
other plants growing on the soil richer in organic matter [MacLean
1976]. In the present study, the addition of organic matter to the
sandy soil and loess modified the availability of metals to plants
and changed their bioavailability (Table 2). On sandy soil S2, there
was a decrease in the accumulation of Cd and Zn, and to a lower

Table 1. Physical and chemical properties of the upper layer (0—20 cm) of the experimental soil — average of the years of 2011 and 2012

Soil TOC SFI S
%

Sandy soil (S1) 0.34 9 8

Sandy soil (S2) 1.26 9

Loess (L1) 0.50 27 63

Loess (L2) 1.85 27 63

SF I Cd Pb Zn
pH
mgkg™’
2 5.3 1.39 341 484
2 55 1.78 363 627
10 5.8 6.86 956 2906
10 5.8 8.02 900 3040

SF | - soil fraction 2.0-0.05 mm, SF |l — sail fraction 0.05-0.002 mm, SF Il — sail fraction <0.002 mm.
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Table 2. Bioaccumulation factors of metals on co-contaminated soils with Cd, Pb and Zn

Soil Cd

Sandy soil (S1) 2.824
Sandy soil (S2) 1.238
Loess (L1) 1.488
Loess (L2) 0.568
Sandy soil (S1) 0.322
Sandy soil (S2) 0.298
Loess (L1) 0.224
Loess (L2) 0.104
Sandy soil (S1) 0.079
Sandy soil (S2) 0.038
Loess (L1) 0.05

Loess (L2) 0.015
Sandy soil (S1) 0.039
Sandy soil (S2) 0.03

Loess (L1) 0.009
Loess (L2) 0.005

degree, of Pb, compared with S1. On the loess L2, in relation to
the L1, there was a significant decrease in Cd accumulation, and
to a smaller degree, of Pb and Zn. It should be noted that the ad-
dition of organic matter to the loess was more effective in reducing
the accumulation of Cd than its addition to the sandy soil.

The level of the studied metals in maize, regardless of soil type,
was the largest in the roots, next in the straw and cobs, and the
smallest in the grain (Tables 3-5).

However, the concentration of Pb and Cd in the grain exceeded
the maximum limit of these metals (0.20 mg Pb<kg~' and 0.03 mg
Cd-kg™) in plant products intended for human consumption
[Rozporzadzenie et al. 2003], while not exceeding the standards
for feed (respectively, 10 and 0.5 mg<kg™") both in the grains and
cobs [Kabata-Pendias et al. 1993]. Zn content in grain and cobs
also did not exceed the maximum tolerable level in the feed ac-
cording to the U.S. standard, which is 500 mg-+kg™" for cattle [U.S.
NRC, 2000]. According to Polish standards, which, without speci-
fying particular groups of animals, established the tolerated level
of Zn at 100 mg-+kg~' [Kabata-Pendias et al. 1993], only the grain
met the requirements.

Bioaccumulation factor (BF)

Pb Zn

Roots

0.573 3.514
0.321 1.537
0.147 0.676
0.107 0.541
Straw

0.032 1477
0.032 1.135
0.009 0.176
0.007 0.211
Cobs

0.007 0.527
0.002 0.318
0.001 0.063
0.001 0.062
Grain

0.001 0.099
0.001 0.066
0.000 0.014
0.000 0.014

The ratio of the metal content in the aerial parts of maize to their
contents in the roots expressed with translocation index (TL) was
dependent on the type of metal. Regardless of the type of soil, the
highest amount of Zn, and next of Cd were translocated to the
aerial parts of the plants meant for consumption by animals and
humans (Tables 3 and 5), while Pb remained mostly in the roots
(Table 4).

The addition of organic matter to the soil changed the distribution
of Zn in the plant to some extent. TLs in the soil S2 compared
with S1, and in the soil L2 compared with L1 were slightly higher,
indicating an easier translocation of this metal to the aerial part of
the metal in the soil with higher organic matter content. The same
phenomenon was observed for Cd, but to a lower extent than in
the case of Zn. There is some contradiction here as on the one
hand, organic matter limited bioaccumulation of Zn and Cd, but
on the other hand, facilitated the translocation of these metals to
the aerial parts. This may be related to the fact that the macro-
molecular organic compounds reduce the mobility of metals in the
soil, while low-molecular fractions facilitate their uptake by plants
through metal complexation [Karczewska 2008].

Table 3. Cd concentration in different parts of maize — the average of the years 2011 and 2012

Soil Roots Straw Cobs
mg-kg™’
Sandy soil (S1) 4.01 0.43 0.11
Sandy soil (S2) 2.25 0.52 0.07
Loess (L1) 10.2 1.52 0.34
Loess (L2) 4.55 0.84 0.12

Grain Translocation index (TL)
Straw Cobs Grain
0.05 0.11 0.03 0.01
0.05 0.23 0.03 0.02
0.06 0.15 0.03 0.01
0.04 0.18 0.03 0.01
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Table 4. Pb concentration in different parts of maize — the average of the years 2011 and 2012

Soll Roots Straw Cobs Grain Translocation index (TL)
mg-kg™’ Straw Cobs Grain
Sandy soil (S1) 203 10.9 2.34 0.335 0.05 0.01 0.00
Sandy soil (S2) 117 11.5 0.71 0.335 0.10 0.01 0.00
Loess (L1) 140 8.15 0.54 0.335 0.06 0.00 0.00
Loess (L2) 95.5 6.53 0.71 0.335 0.07 0.01 0.00

Table 5. Zn concentration in different parts of maize — the average of the years 2011 and 2012

Soll Roots Straw Cobs Grain Translocation index (TL)
mg-kg™’ Straw Cobs Grain
Sandy soil (S1) 1700 556 253 46 0.33 0.15 0.03
Sandy soil (S2) 970 703 198 40 0.73 0.20 0.04
Loess (L1) 1958 504 181 41 0.26 0.09 0.02
Loess (L2) 1645 642 190 41 0.39 0.12 0.03

4. CONCLUSIONS

The accumulation of heavy metals in maize grown in the soil co-
contaminated with Cd, Pb and Zn depended on the type of soil.
The plants accumulated more of all metals from the sandy soil
compared with the loess. The smallest difference between the
soils was found for Cd.

Translocation of metals from the roots to the aerial parts of maize
depended on the type of metal. The highest amounts of Zn, and
secondly of Cd, were translocated to the aerial parts of plants
meant for consumption by animals and people, while Pb re-
mained mostly in the roots.

Organic matter had a large impact on the uptake of metals from
the soil, as well as their distribution in the plant. On the soil with
higher organic matter content, there was a decrease in the bio-
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