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In this research, the effect of two arbuscular mycorrhizal fungal (AMF) inoculation (Glomus intraradices
and Glomus etunicatum) on tomato plants growing in nutrient solution with high concentrations of
copper were studied. Copper (Cu) is an essential micronutrient for plant growth. In the present study,
the effect of copper toxicity on growth, chlorophyll, sugar, protein content and antioxidant enzymes
activity in both mycorrhizal and non-mycorrhizal tomato plants were studied. The experiment was
performed by using two treatments (mycorrhizal and non-mycorrhizal) and five concentrations of
CuSO, solution (0, 1.5, 3.5, 5.5, 7.5 Mm CuSO,) added to Hogland nutrient solution (with half P
concentration). Copper toxicity caused reduction in growth in all treatments (non-AM). This may be due
to the accumulation of Cu in leaves. Fresh and dry weights of shoot and roots, total sugar content in
both shoots and roots, the total chlorophyll content in leaves, protein content in shoots and roots,
antioxidant enzyme activity and root colonization were determined.
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oxidative stress.

INTRODUCTION

Soil ecosystems have been extensively contaminated
with heavy metals due to various human activities,
possibly including mobilization of these metals in the food
chain, thereby threatening human health. Providing a
direct physical link between soil and plant roots, the
arbuscular mycorrhiza (AM) fungi are important
rhizospheric microorganisms. They can increase plant
uptake of nutrients especially relatively immobile
elements such as P, Zn and Cu (Ryan and Angus, 2003),
and consequently they increase root and shoot biomass
and improve plant growth. It has been indicated that AM
fungi can make colonization with plant roots in metal
contaminated soil (Vogel-Mikus et al., 2005), while their
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Abbreviations: AMF, Arbuscular mycorrhizal fungal; GUPX,
guaiacol peroxidase; APX, ascorbate peroxidase; SOD,
superoxide dismutase; CAT, catalaz; PO, peroxidase.

effects on metal uptake by plants are conflicting. In
slightly metal contaminated soil, most studies show that
AM fungi increased shoot uptake of metals (Weissenhorn
et al., 1995), while in severely contaminated soil, AM
fungi could reduce shoot metal concentration and protect
plants against harmful effects of metals (Li and Christie,
2001; Malcova et al., 2003). Both fungal isolates and
plants may vary in their individual or combined tolerances
to metals. Optimizing the use of AM fungi to permit
growth of plants in soils contaminated with metals may
require careful selection of specific fungal and host plant
combinations for a given set of soil conditions. It will also
require a skillful use of inorganic and organic
amendments to maximize plant growth and capitalize the
interactions or competitions between metals and
elements such as phosphorus and sulfur. Host uptake is
generally enhanced in mycorrhizal plants. For example,
increased P through bioorganic or inorganic phosphate-
amendments may increase plant biomass and thus
perhaps detoxify the potential effects of metals by
dilution, precipitation or adsorption of metals onto



10556 Afr. J. Biotechnol.

polyphosphate granules. The non-target ecological
effects of plants or fungi which have adsorbed,
translocated and sequestered metals also need to be
considered in parallel with the efforts to revegetate soils
contaminated with high levels of metals. Efforts to
phytoremediate, reclaim or restore vegetation to soils
contaminated with metals by use of mycorrhizal plant
species and inocula is gaining acceptance (Entry et al.,
2002; Khan et al., 2000; Turnau and Mesjasz-
Przybylowicz, 2003; Vogel-Mikus et al., 2005).

Interveinal foliar chlorosis is a common initial symptom
of Cu toxicity (Taylor and Foy, 1985; Zhu and Alva,
1993). Chlorosis was also displayed in Banksia ericifolia
(heath banksia), Casuarina distyla (she-oak) and
Eucalyptus eximia (yellow bloodwood) when grown at
elevated Cu (Joner et al., 2000). The chlorosis often
takes the form of cream or white spots or lesions (Lee et
al., 1996; O’Sullivan et al., 1997). With increasing
exposure, leaf tips and margins can become necrotic
(Taylor and Foy, 1985; Yau et al., 1991). In acute Cu
toxicity, leaves may become wilted before eventually
becoming necrotic (Yau et al., 1991). Copper toxicity can
be associated with a purpling of foliage (Choi et al.,
1996), but this is not apparent in all species (O’Sullivan et
al., 1997). Copper toxicity has a significant effect on root
growth and form, often before any effect on above-
ground growth (Minnich et al., 1987). Patterson and
Olson (1983) found that the germination of six tree
species was less sensitive to Cu than subsequent root
elongation. In dicot seedlings, toxic amounts of Cu result
in radicles which are short, blunt tipped of dark
brown/black colouration (necrotic) and have a disposition
to fungal attack (Patterson and Olson, 1983). Citrus
paradisi x Poncirus trifoliata (swingle citrumelo) seedlings
exposed to excess Cu produce few new roots and have a
thickened tap root (Zhu and Alva, 1993). Thickening of
root apicies was also apparent in Pinus seedlings
(Arduini et al., 1995). In Betula papyrifera (paper birch)
and Lonicera tatarica (honeysuckle), seedlings high Cu
concentrations have been shown to inhibit the production
of root hairs (Patterson and Olson, 1983).

Arbuscular mycorrhizal fungi (AMF) have multiple
beneficial effects on the growth of plants. The fine
hyphae of the fungi effectively mobilize water and
nutrients such as phosphorus, nitrogen, potassium,
calcium, iron and copper from soil particles, and these
nutrients are then transferred to the host plants
(Jakobsen et al., 1992; Johansen et al., 1992; Kothari et
al., 1991; Smith and Benitez 1955). AMF-colonized plants
are generally more resistant to stresses caused by
drought, salt, heavy metals or attack by pathogens.
These positive effects of the fungi on the growth of plants
often result from an improved nutrient supply, and can
partly be due to complex and not easily resolved
interactions between the symbiotic partners. With regard
to heavy metal stress, the literature is somewhat
controversial. At low concentrations, several heavy

metals such as Zn, Cu, Mn or Mo are micronutrients.
Published data indicate that the colonization of roots by
AMF results in an enrichment of these metal ions in the
low concentration range (Diaz, 1996; Leyval et al., 1997).
In contrast, AMF-colonized roots of plants from soils
severely polluted by high concentrations of heavy metals
show lower amounts of heavy metals than non-colonized
plants (El-Kherbawy et al., 1989; (Kaldorf et al., 1999;
Schu’epp et al., 1987; Smith and Benitez 1955), but see
also opposite data by Gildon and Tinker (1983). At high
heavy metal concentrations, the elements that
unavoidably reach the inside of the roots are
concentrated in the inner root parenchyma cells, where
there are intraradical fungal structures such as
arbuscules, vesicles and intraradical hyphae (Kaldorf et
al., 1999). This observation is largely in agreement with
the findings of an earlier study with AMF-colonized roots
of Pteridium aquilinum (Turnau and Mesjasz-
Przybylowicz, 2003). Although, biophysical methods do
not allow discrimination of heavy metal distribution
between fungal and plant cell structures, the fungi
obviously direct heavy metal allocation within the roots.
Several mechanisms for this allocation can be envisaged
(Galli et al., 1994; Leyval et al.,, 1997; Schu“epp et al.,
1987): (a) heavy metals may be bound to the cell wall
and may be deposited in the vacuoles of the fungi, (b)
heavy metals may be attached to siderophores and
sequestered either into the root apoplasm or into the soil,
(c) heavy metals may be bound to metallothioneins or
phytochelatins inside the fungal or plant cells, or (d)
heavy metal transporters at the plasmalemma or
tonoplast of both partners may catalyze the export of
heavy metals from the cytoplasm. The alterations in
heavy metal content in roots upon colonization by the
fungi suggest that extensive changes in gene expression
occur, presumably both at the transcriptional and the
translational levels. Thus, heavy metal tolerance of plants
conferred by AMF colonization cannot easily be resolved
because of the multiplicity of factors involved.

MATERIALS AND METHODS

Surface sterilized seeds of used tomato (Lycopersicon esculentum)
were sowed in the sterilized soil /sand mixture. The mycorrhizal
inoculum used was stock culture of Glomus etunicatum which was
bulked in an open pot culture of Zea mays L. Mycorrhizal
treatments were carried out by adding 20 g per pot of mycorrhizal
inoculum from stock culture which was placed below tomato seeds.
Non-mycorrhizal treatments received the same quantity of
autoclaved inoculum. Plants (three per pots) were grown for 60
days in a growth chamber in Urmia University with temperatures
ranging from 19 to 25°C, a 16/8 h light/dark period, and a relative
humidity of 70 to 80%. One week after emergence of seedlings,
each pot received 50 ml of modified Hoagland’s nutrient solution
(mg L' with half P concentration three times a week by adding 0
(control), 1.5, 3.5, 5.5, 7.5 mM CuSO, to the nutrient solution.
Plants received 50 ml nutrient solution three times a week for about
91days. The plants were planted in February and harvested in April.
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Figure 1. Effect of CuSO, on shoot fresh weight of mycorrhizal and non- mycorrhizal

tomato plants.

At the end of the experiment, plants were harvested and
separated into roots and shoots to obtain the fresh and dry weights
(dried at 70°C for 48 h). After acid digestion treatments, the
photosynthetic pigments (total chlorophyll content) in leaves were
determined by the spectrophotometer according to Smith and
Benitez (1955). Total sugar content in shoots and roots were
determined by anthrone method described by Fales (1951) and
total protein content was determined by Lowry et al. (1951).

Enzyme analyses and root colonization percentage

All samples of plants were prepared for enzyme analyses by
homogenization of the fresh tissue material with a mortar and pestle
and a small amount of sand in a solution (5 ml g™ fresh weight)
containing 50 MM KH2POy : KoHPO, (pH 7.0), 10 g L™ polyvinyl-
polypyrrolidone (PVP), 0.2 mM EDTA and 10 ml L™ Triton X-100.
After the homogenate was centrifuged at 12000 x g for 20 min at
4°C, the supernatant was used for immediate determination of
enzyme activities. All spectrophotometer analysis was conducted
on a spectrophotometer (Beckmann, Munich, Germany).

For the extraction of antioxidative enzymes, roots were
homogenized with 0.1 M sodium phosphate buffer (pH 6.8) in a
chilled pestle and mortar. The homogenate was centrifuged at
12,000 g for 20 min and the resulting supernatant was used for the
determination of enzyme activity. The whole extraction procedure
was carried out at 4°C. Guaiacol peroxidase (GUPX) activity was
measured according to the method of Upadhyaya et al. (1985).
Ascorbate peroxidase (APX) activity was measured according to
the method of Asada and Chen (1992).

In order to determine root colonization percentage, sub-samples
of fresh roots were rinsed with distilled water, cleared by 10% KOH
for 15 min at 90°C, bleached in alkaline hydrogen peroxide for 20
min, acidified in 1% HCI, and stained with trypan blue for
mycorrhizal colonization estimation (Kormanik and McGraw, 1982).
For quantification of AMF colonization, 60 cm sections were

mounted on slides (30 per slide) and colonized root tissue was
evaluated as a proportion of total length of observed roots (percent
root length colonized).

RESULTS

The results presented in Figures 1, 2, 3 and 4 reveal the
growth responses of tomato plants grown under different
Cu concentrations in the presence and the absence of
AM fungi. The result indicates that AM fungi inoculations
had a significant influence on shoot and root dry weight of
tomato plants, where the presence of AM fungi caused a
decrease in the inhibiting effects of Cu on dry weight of
roots and shoots in the studied plants. According to
Figures 1 and 3, roots and shoots dry weight of non-AM
plants reduced in the presence of high Cu concentration
in nutrient solution. The data given in Figure 5 show that
chlorophyll (chl) content of AM and non —AM plants were
generally reduced by increasing Cu concentration in
nutrient solution. AM plants, had greater amount of
chlorophyll than non-AM tomato plants. As shown in
Figures 6 and 7, different Cu concentration had
significant effect on total protein content in tomato plants.
The protein content significantly decreased in the
presence of AM fungi and reduced in the absence of
fungi in non-AM plants.

The results of Figures 8 and 9 showed that soluble
sugar content decreased by increasing Cu concentration
in nutrient solution. However, AM plants in comparison
with non-AM plants had greater amount of sugar.
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Figure 2. Effect of CuSO4 on shoot dry weight of mycorrhizal and non- mycorrhizal

tomato plants.
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Figure 3. Effect of CuSO, on root fresh weight of mycorrhizal and non- mycorrhizal tomato plants.

The data in the present study showed that the
phosphorus content of non-AM plants was generally
decreased by increasing Cu concentration in nutrient
solution. AM inoculation had a significant effect on
phosphorus content where the value of this element
obtained in the AM plants remained greater than those

given by non-AM plants. According to atomic absorption
spectrophotometry roots of AM plants had greater
amount of Cu than shoots.

Figure 10 shows the effect of Cu treatment on the
activity of APX in the shoots of mycorrhizal and non-
mycorrhizal tomato plants. APX activity in mycorrhizal
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Figure 4. Effect of CuSO4 on root dry weight of mycorrhizal and non- mycorrhizal tomato plants.
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Figure 5. The effects of Cu treatment on the chlorophyll content of mycorrhizal and non- mycorrhizal

tomato plants.

shoots increased significantly (p< 0.05) by increase in Cu
concentration, but there was no significant correspondent
increase in the roots of these plants (Figure 11). Activity
of this enzyme in non-mycorrhizal plant increased
significantly (p< 0.05), but activity of this enzyme in roots
and shoots of mycorrhizal plants were higher than non-
mycorrhizal plants. Figure 12 shows that GUPX activity in

mycorrhizal roots increased significantly (p< 0.05) by
increase in Cu concentration in nutrient solution, but
there was no significant correspondent increase in the
roots of these plants (Figure 13). Activity of this enzyme
in non-mycorrhizal plant increased significantly (p< 0.05),
but activity of this enzyme in roots and shoots of
mycorrhizal plants were higher than non-mycorrhizal
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Figure 6. Effect of CuSO4 on shoot protein content of mycorrhizal and non- mycorrhizal tomato plants.
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Figure 7. Effect of CuSO,4 on root protein content of mycorrhizal and non- mycorrhizal tomato plants.

plants. Determining of root colonization percentage by
AM fungus with gridline intersect method showed a

decreased in colonization by increasing
concentration in nutrient solution (Figure 14).

in

Cu
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Figure 8. Effect of CuSO4 on shoot soluble sugar content of mycorrhizal and non-

mycorrhizal tomato plants.
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Figure 9. Effect of CuSO4 on root soluble sugar content of mycorrhizal and non- mycorrhizal

tomato plants.

DISCUSSION

Previous studies have reported that AM fungi decrease
metal accumulation in plants, thus protecting them
against heavy metal toxicity and helping them grow (Diaz,
1996; Gildon and Tinker, 1981), showed that Cu and Zn
were sequestered in roots of Calluna vulgaris which were
colonized by ericoid mycorrhizas. Reduced metal
translocation from roots to shoots in the presence of AM

fungi has also been shown (Joner et al., 2000; Schu’epp
et al.,, 1987). The accumulation of heavy metals in the
fungal structures as suggested by their high heavy metal-
binding capacity (Joner et al., 2000) could represent a
biological barrier. In our experiment, the AM inoculum
from the tomato rhizosphere was very efficient in
sequestering metals in the roots.

The data in the present study showed that dry weight of
roots and shoots of tomato plants would increase in the
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Figure 10. The effects of Cu treatment on the activity of APX in the shoots of
mycorrhizal and non- mycorrhizal tomato plants treated with CuSOa..
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Figure 11. The effects of Cu treatment on the activity of APX in the roots of mycorrhizal
and non- mycorrhizal tomato plants treated with CuSO,.

presence of AM fungi. These results indicate that the
known beneficial effects of mycorrhiza symbiosis
appeared to be mainly due to the improvement of P
uptake by mycorrhizal fungus. Ott et al. (2002) pointed

out that growth inhibition in plants grown under high
levels of copper, was due to interference of copper with
phosphorous uptake by plants. They also reported that
the application of vesicular abuscular mycorrhiza (VAM)
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Figure 12. The effects of Cu treatment on the activity of GPX in the shoots of
mycorrhizal and non- mycorrhizal tomato plants treated with CuSOa.
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Figure 12. The effects of Cu treatment on the activity of GPX in the shoots of
mycorrhizal and non- mycorrhizal tomato plants treated with CuSO,.

fungi at contaminated sites increased plants biomass As shown in Figure 5, chlorophyll content of AM and
even at elevated copper in the soil. non-AM tomato plants decreased in the presence of high
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Figure 13. The effects of Cu treatment on the activity of GPX in the roots of mycorrhizal
and non- mycorrhizal tomato plants treated with CuSOa.
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Figure 13. The effects of Cu treatment on the activity of GPX in the roots of mycorrhizal
and non- mycorrhizal tomato plants treated with CuSO,.
Cu concentrations. Copper induced inhibition of Fe increased levels of Cu in soil greatly

translocation from root to tops needed for chlorophyll
synthesis and therefore causes chlorosis in plant. Joner
et al. (2000) reported that Cu toxicity appear to be due to
Fe deficiency. White et al. (1976) observed that

translocation of Mn to tops which indicates the
appearance of chlorosis. They hypothesized that Cu, Zn
and Mn interfere with Fe utilization in the leaves for
chlorophyll synthesis. In the present study, AM plants
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Figure 14. The effects of Cu treatment on the percentage of root colonization with

Glomus etunicatum in tomato plants.

possess greater amount of chlorophyll in comparison with
non-AM plant, which indicate to alteration of Cu
translocation pattern from root to shoot (Ott et al., 2002).
An inhibition of Cu translocation to shoots was also
reported in mycorrhizal maize seedlings (Khan et al.,
2000).

The data of the present study in Figures 5 and 6
showed that total protein content increased in the
presence of mycorrhizae fungi but it reduced in the
absence of fungi. Based on these results, the
mechanisms related to physiological interactions between
AM fungus and tomato plants involve increase in protein
synthesis as well as induction of antioxidant enzymes to
avoid heavy metal-mediated oxidative stress. This finding
supports results from some studies reporting the role of
“stress proteins® such as phytochelatins and
metallothioneines (Gildon and Tinker, 1983; Rauser,
1999), as possible mechanisms for protection against
high toxic heavy metals (Burleigh et al., 2003; Ott et al.,
2002; Tong et al.,, 2004). In non-mycorrhizal tomato
plants, reduction in total protein content may be due to
the toxic effects of copper on cellular metabolism and
protein synthesis.

According to Figures 8 and 9, reduction in soluble
sugar in both AM and non-AM plants may be due to a
decrease in chlorophyll content and the abnormal
structure of chloroplasts, which leads to Ilow
photosynthesis efficiency. Mycorhizal plants alleviate the
severe effect of Cu by changing the translocation of
copper and sequestering it in their hypha; so the toxic
effects of Cu on photosynthesis and carbohydrate

metabolism might decrease. Reduced amount of
phosphorous which observed in non-AM plants may be
due to interference of copper with phosphorous uptake by
tomato plants. The great amount of P in mycorrhizal
plants emphasizes the enhancement of P uptake from
the soil and its translocation to plants by the extrardial
mycelium of AM fungi (Rufyikiri et al., 2004; Ryan and
Angus, 2003; Vogel-Mikus et al., 2005). The protective
mechanisms adapted by plants to scavenge free radicals
and peroxides include several antioxidative enzymes
such as SOD, CAT and POD. The antioxidative enzymes
are important components in preventing the oxidative
stress in plants as is based on the fact that the activity of
one or more of these enzymes is generally increased in
plants when exposed to stressful conditions (Vogel-Mikus
et al.,, 2005). Figures 10 to 14 indicates antioxidant
anzyme (APX and GUPX) activity of AM tomato plants
which show significant higher values in polluted soil than
in non-polluted one. Based on these results, the
mechanism related to physiological interactions between
the AM fungus and tomato plants involve increased
protein synthesis as well as induction of antioxidant
enzymes to avoid heavy metal-mediated oxidative stress.
If so, the author attributed the reduced heavy metal
toxicity effects in AM tomato plants to antioxidative
protection through detoxification of heavy metals,
chelation through metal-binding proteins (peptides) and
dilution through increased plant growth induced by AM
fungi. This finding supports the results from some
dissipated studies that the role of protein, antioxidative
enzyme system as well as improved growth as possible
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mechanisms for plant protection against high
accumulated toxic heavy metals in the shoots (Burleigh et
al., 2003; Ott et al., 2002; Tong et al., 2004). This finding
is in line with the results of Leyval et al. (1997) and
Vogel- Mikus et al. (2005), who reported that sensitivity of
AM symbionts to heavy metal contaminated soil
expressed as a reduction in spore germination, hyphal
growth or root colonization had been proved previously in
a number of studies. Another interesting result in figure 2
was that the presence of AM fungi inoculations would
increase the metal tolerance index of tomato plants
compared with non-AM plants that grew in heavy metal
polluted soil. This result emphasizes that AM fungi could
be potentially effective in protecting plants exposed to
high levels of heavy metal. The AM fungi ability to
alleviate heavy metal stress of plants grown in heavy
metal contaminated soil was previously proved by
Rufyikiri et al. (2004) and Burleigh et al. (2003).

Estimation of root length colonization by gridline
intersect method, resulted in 50% decrease between
controls (0 mM) and 7.5 mM and showed that by increase
in Cu concentration, colonization percentage decrease
significantly. These results clearly indicate the beneficial
effect of AM fungi in the protection of plants and
alleviation of the toxic effect of copper.

Therefore, additional researches are needed to explore
the behavior of AM fungi in various plant species and
families for plant protection under heavy metal stress.
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