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Trifolium pratense in Soils Contaminated with Cd, Zn and Ni Salts

L VOROS, B. BIRO, T. TAKACS, K. KOVES-PECHY and K. BUITAS

Research Institute for Soil Science and Agricultural Chemistry (RISSAC) of the
Hungarian Academy of Sciences, Budapest

Introduction

The majority of species in natural, semi-natural and agricultural plant com-
munities are susceptible to infection by arbuscular endomycorrhizal fungi
(AMF) (FRANCIS & READ, 1994). AM fungi belong to the most common
mycorrhizal type (GERDEMANN, 1968) and are accepted as mutualistic symbi-
onts of about 90% of the higher plants (MILLER et al., 1994).

Symbioses between arbuscular endomycorrhizal fungi and plant roots play
an important role in enhancing plant uptake of phosphorus, macronutrients and
micronutrients in most agricultural soils. The exact mechanisms of improved
nutrition in mycorrhizal plants are not established clearly and there may be a
combination of effects. There is probably a direct effect via increased hyphal
uptake as COOPER & TINKER (1978) demonstrated for Zn. Changes in hor-
monal balance — as secondary effects — can influence nutrient mobilization
(TARAFDAR & MARSCHNER, 1994a,b) and uptake (SINGH et al., 1986), in-
creased root exudates might affect chelation of soil nutrients (SCHWAB et al.,
1983), and alterations of root:shoot ratios might also affect rooting density
(HUNT et al., 1975).

In addition to macro- and micronutrient uptake, mycorrhiza may potentially
affect the uptake of heavy metals, as a function of several factors, such as: the
physico-chemical properties of the soil (WANG & CHAO, 1992), soil fertility
(LAMBERT et al., 1979; THOMPSON, 1990), pH (EL-KHERBAWY et al., 1989;
KILLHAM & FIRESTONE, 1983), the host plants (GRIFFIOEN & ERNST, 1989;
KUCEY & JANZEN, 1987), the fungi involved (GILDON & TINKER, 1981) and,
above all, the concentration of the metals in the soil.

GILDON & TINKER (1981, 1983) have shown that AMF may affect heavy
metal uptake and some AM fungi are tolerant to high soil concentrations of
metals. Colonization with metal tolerant isolates of AM fungi was found to
protect plants against the toxic effects of excessive concentration of heavy
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metals. AMF colonization reduced the toxic effects of Zn on the growth of two
grass species (DUECK et al., 1986). Not all data, however, have confirmed that
AMF reduce plant uptake of heavy metals (SCHUEPP et al., 1987; HEGGO et al.,
1990; WEISSENHORN et al., 1991).

KILLHAM & FIRESTONE (1983) reported that infection by AMF led to en-
hanced metal toxicity, especially from deficient soils.

The effects of metals on soil microbial biomass and on other microbial para-
meters are often studied in soils with a history of previous sewage sludge
application (KOOMEN et al., 1990; LEYVAL et al.,, 1991). However, sewage
sludge contains a mixture of various metals, thus the possibility of interactions
among the metals cannot be excluded and it is difficult to establish the real ef-
fect of each metal separately.

To study the basic interactions between heavy metals, plants, and microbes,
the use of soils containing single metals may be more suitable (BIRO et al.,
1994). In such experiments soil samples with elevated metal concentrations are
often produced by adding various amounts of metal salts to the soil. However,
addition of metal salts creates a situation where the bound and free metal forms
may not be in equilibrium for a time. Thus, long-term field experiments are
very useful to study the effects of various metals on the interaction between soil
and rhizosphere microorganisms and higher plants (KOVES-PECHY et al., 1994).

We have conducted a pot experiment with red clover (Trifolium pratense L.)
as test plant, under controlled conditions in a clima chamber, on soil samples of
a long-term field experiment; with the aim of determining effects of Zn, Ni, and
Cd on the growth, metal uptake, and stress tolerance of red clover and their
interaction with the indigenous population of endomycorrhizal fungi in the ele-
ment uptake of the host plants.

Materials and Methods

Soil sampling and preparation. — The soil originated from selected plots of a
long-term field experiment carried out at Nagyhorcsok Experimental Station
(Hungary) and is classified as a calcareous loamy chernozem. The main soil
characteristics were: pHapoy 7.5; pHxcy 7.2; CaCO; content: 5-6.5%; humus
content: 3%; clay fraction (< 0.002 mm) 20%; silt (0.02-0.05 mm): 40%.

In 1991 13 trace elements were mixed into the ploughed layer on the experi-
mental site. The elements were applied as solutions of their salts, each on 3 lev-
els in a split plot design. After this single massive contamination, various crops
were grown at the site, with only N, P and K given yearly (100-100 kg N, P05
and K,0/ ha). The experimental set-up is described in detail by KADAR (1995).

In the fifth year of the experiment soil samples were taken from plots treated
in 1991 with Zn, Ni, and Cd sulphates at rates of 90, 270 and 810 kg element/
ha (i. e. 30, 90, and 270 mg element/kg dry soil), and from the control plots.

From samples of each plot gamma-irradiated (with 15 kGy kg 'Y sterile, and
similarly sterilized, but re-inoculated and mixed soil samples (10 ml AM-free
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soil suspension per pot) were prepared (500 ml distilled water kg™ soil was ad-
justed through a 5 mm pore size sieve to exclude AM fungi). Soil samples from
the long-term field experiments without any preceding treatment were also in-
cluded in the pot experiment.

Plant growth. — Red clover was grown for five months in pots containing
the original soil samples with indigenous AMF (mycorrhiza and other soil
microbes), or the gamma-irradiated sterilized soil samples (no microbes), or the
sterilized and re-inoculated soil samples (only bacteria) in a light room under
controlled conditions (between 22 and 25 °C, with a 18/6 light/dark period).

The plants were cut after 3 and 5 months of growing. Prior to the second
cut, parameters of photosynthesis (CO, release and activity of the photosyn-
thetic electron-transport chain) were also measured. Fresh biomass and dry mat-
ter accumulation of shoots and roots were determined, as well as plant metal
concentrations, and parameters of the mycorrhizal infection.

Chemical analyses. — Total metal contents of soil were determined in origi-
nal and sterilized soil samples digested with cc. HNO, at 80 °C in a microwave
oven. Plant available metal concentrations in the soil were estimated by the
amounts extractable by acid ammonium acetate+EDTA, according to the meth-
od of LAKANEN & ERVIO (1971). Plant metal contents were assessed after wet
digestion of the air-dried plant samples with HNO;+H,0,. Metal contents were
measured by inductively-coupled plasma atomic emission spectrometry (ICP-
AES).

Mycorrhizal parameters. — A subsample of 1 g fresh lateral roots was ran-
domly taken from 1 cm segments dispersed in water. They were cleared and
stained with acid glycerol trypan blue according to PHILLIPS & HAYMAN
(1970). The frequency (F) and intensity (M) of the mycorrhizal infection and
the quantity of the arbuscules (A) were estimated by rating the density of in-
fection on 30 one cm root segments using a five class system (TROUVELOT et
al., 1985).

Statistical analyses. — All chemical measurements are given as the means of
triplicate analyses of soil or plant samples. Standard errors of the means and
least significant difference (LSDsq) were calculated and are represented as
numerical values.

Results and Discussion

Content and availability of the metals in the soil

The total Zn, Ni, and Cd concentrations in the soil at the beginning of the
experiment were similar to or somewhat lower than the originally applied con-
centrations, taking also into account the soil’s native element content (espe-
cially for Zn). The plant available amounts of these metals also increased
steadily with increasing metal application rates (Table 1).
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Table i
Total and available concentrations of contaminating elements in the soil
prior to the pot experiment (mg/kg dry matter)

Originally applied metal rates (img/kg dry soil)
0 30 90 270

Zn - total 52.8 729 134 275
available 842 18.1 41.6 107

Ni - total 29.5 46.1 91.3 258
available 347 11.7 27.6 65.8

Cd - total 0.32 38.2 91.4 241
available 0.10 28.0 64.3 170

The total Zn concentrations in the plots treated with Ni or Cd were 52.9 =
1.8 mg/kg, total Ni concentrations in the soil treated with Zn or Cd were 28.0 =
0.7 mg/kg, and Cd concentrations in the plots treated with Zn or Ni were 0.38 +
0.17 mg/kg. These values did not differ significantly from the values measured
in the uncontaminated control treatment.

Ni-3, Ni- s Ni-
“&ilh AN withewt Y04 torilised
Figure 1

Effect of the highest Ni dose (270 mg/kg) on the growth of clover. (Note: Plants with
the indigenous micrebes (original microfiora, including AMF) were greener and more
healthy. Plants in the resuspended (only microbes without AMF) and in the sterilized
(no microbes) treatments, were more pale and stressed)
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Biomass of clover

The dry weight of clover shoots was not only affected by soil heavy metal
content but also by the presence of AMF. For all three metals, the biomass of
red clover shoots was significantly (P <0.1%) greater in pots containing orig-
inal soil infected with AMF than in the gamma-iradiation sterilized soil
(Figure 1, Table 2). The role of AMF in improving plant growth is widely rec-
ognized. AMF are associated with the majority of agricultural crops and can
improve plant growth (MOSSE & HAYMAN, 1980) by increasing the root sur-
face area and thus enhancing the uptake of nutrients, especially of P (SMITH,
1980). Addition of AMF-free soil suspension slightly increased the biomass as
compared to the sterilized soil, but the differences were not significant.

Increasing rates of Zn and Ni had no significant effect on the biomass of the
shoots. In contrast, increasing Cd rates significantly decreased the dry matter
accumulation of clover in all three soil treatments, especially at the two higher
rates. However, in the original soil this inhibitory effect of Cd was smaller, pro-
duction decreased to the level of the sterilized soil variants only at the highest
applied Cd rate.

Both cuts of clover showed the above features. Table 2 presents the total
biomass (first + second cut) of the shoots. No significant differences were
found in the dry matter accumulation of the roots in any of the treatments.

Table 2
Dry malter accumulation of red clover shoots
(first and second cut, g/pot)
Soil samples Originally applied Zn rates (mg/kg dry soil)
0 3 90 270 LSD;,,
Sterilized 1.18 1.16 1.24 1.27
Sterilized + suspension 1.23 1.32 1.65 1.40 0.40
Original 2.23 2.58 2.84 2.58
Soil samples Originally applied Ni rates (mg/kg dry soil)
0 30 %0 270 LSD;.,
Sterilized 1.18 1.12 1.17 1.28
Sterilized + suspension 1.23 1.32 1.15 1.22 0.35
Original 2.32 2.56 2.4% 2.44
Soil samples Originally applied Cd rates (mg/kg dry soil)
0 30 90 270 LSD;
Sterilized 1.18 0.90 0.43 0.46
Sterilized + suspension 1.23 1.00 0.76 0.32 0.40
Original 2.32 2.44 1.76 0.37
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Metal uptake of the host plant

Plant concentrations of the three metals in the shoots differed greatly: the
highest concentrations were found for Zn and the lowest for Cd (Table 3). The
Zn, Ni, and Cd concentrations of the shoots increased substantially when the
metal levels were higher, both in the sterilized and sterilized+inoculated soil
variants. At the highest applied metal rates the shoot Zn concentrations were 4-
to 6-fold, the Ni concentrations 5 to 9-fold higher than in the control treatment.
Cd concentrations were somewhat higher in the sterilized+reinoculated soil
than in the sterilized soil.

The presence of AM fungi significantly (P < 0.1%) affected the uptake of all
three metals. In the plants grown on the original AMF-containing soil the in-
crease of the shoot metal concentrations with elevating soil metal levels was
slighter than in the plants grown on both sterilized soil variants. Zn, Ni and Cd
concentrations in the presence of AMF were only between one-half and one-
third of the values measured in plants grown on soils without AMF.

Concentrations of the metals in the roots also increased at the higher metal
application rates, and were substantially smaller in the presence of AM fungi
than in the case of sterilized soils.

Metal concentrations were generally higher in roots than in shoots, and were
more similar to each other, i. e. they followed the original application rates
more closely (Table 4). In consequence, the distribution of the metals taken up

Table 3
Metal concentrations in clover shoots (mg/kg dry welght)
Soil samples Originally applied Zn rates (mg/kg dry soil)
0 30 90 270 LSDyq
Sterilized 22.8 569 128.0 197.3
Sterilized + suspension 29.6 81.6 125.8 162.0 11
Original 26.3 31.9 51.6 63.3
Soil samples Originally applied Ni rates (mg/kg dry soil)
0 30 90 270 LSD;q
Sterilized 2.1 57 14.6 204
Sterilized + suspension 22 6.4 13.7 17.2 2.2
Original 0.9 2.5 49 9.5
Soil samples Originally applied Cd rales (mg/kg dry soil)
0 30 90 270 LSD;,
Sterilized 0.04 2.69 4.86 12.9
Sterilized + suspension 0.08 6.12 6.29 10.5 L9
Original 0.05 3.19 3.73 6.8
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Table 4
Metal concentrations in clover roots (mg/kg dry weight)
Soil samples Originally applied Zn rates (mg/kg dry soil)
0 30 90 270
Sterilized 442 61.4 124.6 305.0
Sterilized + suspension 39.4 434 164.0 198.0
Original 60.5 57.1 68.4 86.9
Soil samples Originally applied Ni rates (mg/kg dry soil)
0 30 9% 270
Sterilized 9.8 23.9 594 1014
Sterilized + suspension 10.1 244 66.0 187.0
Original 6.3 16.7 30.9 157.5
Soil samples QOriginally applied Cd rates (mg/kg dry soil)
0 30 90 270
Sterilized 14 90.2 146.6 3250
Sterilized + suspension 1.1 72.8 1431 302.0
Original 0.3 438 54.6 139.9

by the plants varied greatly for the three elements: while Zn was fairly uni-
formly distributed between the shoot and roots, the concentrations of Ni and
especially of Cd were much higher in roots than in shoots.

The differences in the behaviour of the three metals indicate that in addition
to the non-specific growth effects, the essentiality of the elements may have an
impact on their uptake and transport in the soil-AMF-plant sytem. The uniform
distribution of Zn is in agreement with its well-known physiological role as a
micronutrient. The essentiality of Ni is debated (PAls, 1992), and the plants
may not have adequate transport mechanisms for this element.

Transport of Cd was exceptionally low as compared to most literature data.
However, greatly differing Cd transport ratios are reported in the literature even
for similar experiments and identical plant species (e. g. data of WEISSENHORN
et al. (1995) for maize), and the variability of the transport data is further in-
creased by comparing different soil and climatic conditions and different plant
species, The Cd transport ratios calculated for our experiment are within the
ranges reported by WEISSENHORN et al. (1995).

Mycorrhizal infection

The microscopic examination of the stained root samples revealed no root
colonization by AM fungi neither in the irradiation-sterilized nor in the steril-
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ized + AMF-free soil suspension reinoculated soil treatments. This means that
no AMF infection occurred during the experimental period in any of the steril-
ized treatments. In contrast, high AMF infection frequency (F) was observed in
the treatments with the original soil (Table 5), which suggests that the 4-year
metal contamination period prior to the initiation of the pot experiment possibly
allowed the selection of some appropriately infective metal tolerant AM fungi
in the field experiment.

Table 5
Frequency of the AMF infection (F %) in red clover roots

Originally applied metal rales (mg/kg dry soil)
0 30 20 270 L.SD;q,
Zn 95.6 95.6 96.7 86.7 59
Ni 95.6 90.0 100.0 92.2 6.0
Cd 95.6 91.8 822 81l.1 10.1

Various parameters of the mycorrhizal root colonization in the treatments
containing the original, non-sterilized soil are presented in Tables 5, 6 and 7.
The frequency of the infection was universally very high, near to 100%. The
highest intensity of mycorrhization was observed at the 90 mg/kg applied metal
level in the Zn and Ni treatments, while in the Cd treatments the maximal
intensity occurred at the 30 mg/kg metal rate. The quantity of the arbuscules
was significantly higher in the two higher rates of Zn and Ni than in the control
plants. In the Cd-treated soil the maximum number of arbuscules occurred at

Table 6
Intensity of AMF mycorrhization (M) in red clover roots
Originally applied metal rates (mg/kg dry soil)
0 30 90 270 LSDygs,
Zn 419 530 57.4 379 13.6
Ni 479 52.7 63.7 46.9 10.9
Cd 47.9 67.7 35.6 37.2 12.3
Table 7
Extent of AMF arbuscularily {(a %) in red clover roots
Originally applied metal rates (mg/kg dry soil)
0 30 90 270 LSD;q
Zn 9.91 3.89 23.56 28.39 16.86
Ni 991 7.23 12.75 19.88 8.04
Cd 9.91 32.21 26.59 6.03 11.54
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the 30 mg/kg metal application rate, while at the highest metal rate the quantity
of the arbuscules decreased below the value measured in the control treatment.

Comparing the AMF root colonization and the growth of the host plant, it
can be stated that due to the presence of mycorrhizal symbiosis, generally there
was a two-fold increase in the dry matter accumulation of the shoots as com-
pared to the dry matter accumulation of the non-mycorrhizal plants, indepen-
dent of the quality and quantity of the heavy metals present in the soil. In this
respect Cd represented an exception: in the Cd treatments the biomass increas-
ing effect of the mycorrhiza decreased at the higher metal rates, reaching the
level of the non-mycorrhizal variant at the highest rate (270 mg/kg). In the Cd
treatments a positive correlation was also found between the dry matter ac-
cumulation of the shoot and the quantity of the arbuscules in the root. Con-
centrations of all three investigated metals in the root and, especially in the
shoot, were decreased by the symbiosis of the plant with the arbuscular mycor-
rhizal fungi.

Soil-plant transfer of the metals

Accumulation of the metals in the clover shoots depended on the level of
soil contamination. Generally, actual plant metal concentrations increased to a
lesser extent with increasing contamination levels than the available soil con-
centrations estimated by the AAAc+EDTA extraction method. Thus, the trans-
fer of the elements between the soil and the plant shoots decreased when the
metal application rates increased. A similar decrease in the relative uptake of Ni
was described for species of the Alyssum genus when the soil was more con-
taminated (DE VARENNES et al., 1996).

The relative uptake of the metals by the plants in the original AMF-con-
taining soil, as compared to the available soil concentrations, are shown in
Table 8. Our calculated values are generally in good agreement with literature
data of soil-plant concentration factors (CF).

In the AMF-free treatments the transfer of the metals from the soil to the
herbage was greater than in the mycorrhizal plants, because all three metal con-
centrations in the shoots were two to three times higher in most treatments in

Table 8
Soil-plant transfer of the metals n the original soil (€,,,./C. svaibi)
Originally applied metal rates CF data for unconta-
{mg/kg dry soil) minated pasiure
0 30 90 270 herbage*
Zn 3.1 1.76 1.24 0.59 0.08-1.7
Ni 0.26 0.21 0.18 0.14 0.07-0.9
Cd 0.50 0.11 0.06 0.04 <0.17-5.3

* COUGHTREY et al. (1985)
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the absence of AMF than in its presence (Table 3), while the available amounts
of the metals in the soil were not altered by the sterilization process.

This difference between the AMF-free and AMF-infected treatments became
more pronounced as the metal application rates increased. These results support
the idea that the endomycorrhiza have a plant protective role in heavy metal
contaminated soils.

Summary

Root colonization with indigenous arbuscular mycorrhizal fungi and their
influence on plant growth and metal uptake were studied in a pot experiment
with red clover (Trifolium pratense L.). Soil samples of pots originated from a
long-term field experiment, where the calcareous chernozem soil was con-
taminated 4 years prior to the pot experiment by a single massive application of
Cd, or Ni, or Zn sulphates at rates of 0, 30, 90 and 270 mg metal per kg soil.
Red clover was grown for five months in the original metal-spiked soil, in
gamma-irradiated sterilized, and in similarly sterilized but with mycorrhiza-free
soil suspension re-inoculated soil samples. Fresh weight, biomass production,
elemental content of the roots and shoots, and parameters of mycorrhizal in-
fection were measured.

There was an approx. two-fold increase in biomass of red clover shoots in
the presence of AMF symbioses, while root dry matter accumulation was sim-
ilar in all treatments. In the presence of AMF metal concentrations in roots and
shoots were smaller (the latter to a greater extent) than metal concentrations in
the non-mycorrhizal plants on sterilized soil. The results support the hypothesis
that the presence of mycorrhizal symbiosis generally decreases metal transport
into above ground plant parts. The infection frequency of AM fungi was only
slightly influenced by the various metal rates, arbuscularity tended to be a more
reliable indicator of harmful metal effects on higher plants.
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