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Nine newly isolated mushroom strains were tested to assess
both their zinc tolerance and potential for zinc removal
from an aqueous solution. Four strains of ectomycorrhizal
fungi, namely Clavariadelphus truncatus (T 192), Rhizopogon
roseolus (T 21), Lepista nuda (T 373), and Tricholoma
equestre (T 174), along with five strains of white rot fungi,
Lenzites betulina (S 2), Trametes hirsuta (T 587), Ganoderma
spp. (T 99), Polyporus arcularius (T 438), and Ganoderma
carnosum (M 88), were investigated using zinc-amended
solid and liquid media. Their biosorption properties were
also determined. The colony diameter and dry weight were
used as tolerance indices for fungal growth. C. fruncatus
and T. equestre were not strongly inhibited at the highest
concentrations of (225 mg/l) zinc in solid media. The most
tolerant four strains with solid media, C. truncatus, G
carnosum, T. hirsuta, and T. equestre, were then chosen for
tolerance tests in liquid media. An ectomycorrhizal strain,
C. truncatus, was also detected as the most tolerant strain
in liquid media. However, the metal-tolerant strains
demonstrated weak activity in the biosorption studies. In
contrast, the highest biosorption activity was presented by
a more sensitive strain, G carnosum. In addition, seven
different biosorbent types from G carrnosum (M 88) were
compared for their Zn (1) biosorption in batch experiments.

Keywords: Basidiomycetes, biosorption, ectomycorrhizal
fungi, white rot fungi, zinc tolerance

Zinc is used for a variety of industrial applications,
including coating for steel and iron, galvanization, the
manufacture of alloys, such as brass and bronze, and the
fabrication of dry-cell batteries [5]. Zinc compounds are
also widely used to make white paints and ceramics,
produce rubber, preserve wood, manufacture and dye
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fabrics, make the smoke in smoke bombs, and in the drug
industry. However, this extensive use of zinc by industry
has caused the pollution of soil and freshwater habitats.
Although zinc is directly and/or indirectly involved as a
trace element in all aspects of growth, metabolism, and
differentiation of animals, plants, and microorganisms, it is
toxic to these same organisms above certain concentrations,
depending on the organism, physicochemical properties of
the metal, and environmental factors. Barceloux [5] reported
that, when zinc is present at millimolar concentrations, it is
toxic to organisms.

High zinc concentrations in the environment are as toxic
to microorganisms as other organisms. Metal tolerance and
accumulation in soil and water by microorganisms has
already been studied for biosorption and the bioremediation
of these environments [13, 14,23-26, 36, 40, 41, 44, 51,
52, 571.

Metal-tolerant mushroom strains play a key role in
remediation and affect plants via mycorrhizal symbiosis in
metal-polluted soils [1, 11, 18, 25, 30, 37, 39]. Thus, the
interaction of ectomycorrhizal fungi and toxic metals is of
particular importance in the reclamation of metal-polluted
areas, and the effect on plant growth and productivity in
these areas. Wilkinson and Dickinson [55] suggested that
the ability of trees and other perennial plants to grow in
polluted habitats is only attributable to mycorrhization of
their roots. The in vitro tolerance of ectomycorrhizal fungi
against Al, Fe, Cu, Zn, Ni, Cd, Cr, Pb, and Hg is vital for
determining their ectomycorrhizal establishment potential
in metal-contaminated sites [50].

Another major mushroom group that is known to possess
tolerance to metal is white rot fungi [3, 21]. The binding
activity and tolerance of these fungi to metals is also well
known. White rot fungi growing on wood have been found
to accumulate Cd, Fe, Zn, and Cu from the wood into
their fruit bodies [3]. Furthermore, the biomass of a variety
of microorganisms, including bacteria, fungi, and algae, has
already been used for the removal of metals from industrial
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and municipal water. A limited number of reports have
also appeared in which macrofungi have been used in
remediation studies against polluted water [16, 49, 56].

Accordingly, this study reports on the tolerance of different
white rot and ectomycorrhizal fungi strains to elevated
zinc concentrations in both solid and liquid media, and on
the zinc biosorption capacities of different biosorbent types
of a selected strain.

MATERIALS AND METHODS

Fungus Strains and Culture Conditions

The mushrooms used in this study were originally isolated from
different sites in Eskisehir, Turkey. Following field and laboratory
studies, 9 species were identified after referring to relevant literature
[8,9,20,43], and given strain numbers. The cultures were stored on
modified Melin-Norkrans (MMN) medium slants at 4°C until ready
for use. Prior to each experiment, the cultures were transferred from
the storage slants to the center of petri dishes (90 mm diameter)
containing the MMN medium, and atlowed to grow to obtain new
hyphal growth at 27°C, 70% relative humidity, in the dark.

Tolerance Tests on Solid Media

The response of the mushroom strains to various concentrations of
zinc was assayed by growing pure mycelial cultures on the MMN
medium, pH 5.5. Zinc solutions that had been sterilized by filtration
on a 0.45-pm membrane (Millipore) were added to the media after
autoclaving to final concentrations of 25, 75, and 225 mg/l as
ZnSO, (Merck). Agar discs (5 mm) from the actively growing edge
of 10-d-old colonies were used to inoculate the center of MMN
medium dishes. Growth was determined by measuring the diameters
of the colonies 10 d after inoculation. The fungal colonies were then
harvested following I-min microwave exposure to melt the agar.
The mycelium was blotted dry with 3 changes of Whatman paper
until no further liquid was released with a moderate application of
hand pressure [7]. The colonies were dried to a constant weight at
60°C and then weighed. At least three replicates were used for each
strain. The results were expressed in terms of two tolerance indices
(TT) for the colony diameter and dry weight [51].

T gjony diamerer—(Diameter of treated mycelium
/Mean diameter of control mycelium)x100

Tliy wagn=(Dry weight of treated mycelium
/Mean dry weight of control mycelium)x100

Tolerance Tests in Liquid Media
Four fungal strains were chosen for the tolerance tests in liquid media
according to their tolerance indices on solid media. The cultures
were grown in liquid media containing (mg/1): NaCl (200), MgSO,
7H,0 (250), KH,PO, (500), CaCl,2H,0 (100), KCI (100), FeSO,-
TH,O (5), and NaHCO; (53). The glucose and peptone concentrations
were 20 and 10 gfl, respectively. The ZnSO, was sterilized separately
and added to the basic media after its sterilization. The final zinc
concentrations were 0, 25, 75, and 150 mg/1.

Mycelium discs taken from the margin of 10-d-old colonies on
MMN plates were homogenized in a sterile saline solution. These
mycelia suspensions were then used as the inoculants for the liquid

media. All the flasks were incubated at 27°C, 150 rpm. Following
the incubation period, the mushroom mycelia were harvested by
filtration. The pellets were then washed twice with distilled water,
dried at 60°C until a constant weight was achieved, and weighed.
Each treatment was performed using three replicates. The mycelial
dry weight values were used to calculate the tolerance indices for
the dry weight, as with the solid media.

Biosorption Studies
All the mushroom strains were screened for the biosorption of
Zn(Il) from an aqueous solution in a batch system. The batch
biosorption experiments were carried out with dry and wet
biosorbents. In order to prepare dried and wet biosorbents, the fungi
strains were cultivated in a liquid medium. After growth, the pellets
were separated by filtration. To prepare the dried biosorbent, the
biomass was washed with distilled water, dried at 60°C, and powdered.
The dried and wet biosorbents (50 mg dry wt) were added to
50 ml of a Zn(ll) solution (100 mg/l, pH 6.0) in 250-ml Erlenmeyer
flasks. The flasks were shaken on an orbital shaker (150 rev/min)
at 30°C. Following the incubation period, the biosorbents were
separated from the aqueous phases. Experimental control tests were
also carried out without any biosorbents to investigate the removal
of dissolved Zn(II) that might occur via chemical precipitation and
sorption to the vessel walls.

Biosorbent Preparation

To discover the effect of the biosorbent type, seven different biosorbent
types were prepared from the fungus. Dead biomass, resting, and
live cells were prepared as described by Yetis ef al. [56], whereas
immobilized microorganisms in alginate and agar were prepared as
described by Lebeau ef al. [38] and Kierstan and Coughlan [34],
respectively. Alginate and agar beads were also used for comparison.
As a different biosorbent type, dried, ground, and sieved fruit
bodies of the fungus were used according to the methods described
by Muraleedharan et al. [45]. Lastly, the exopolysaccharide of G
carnosum (M 88) was also used as a biosorbent for zinc. This
exopolysaccharide was prepared as suggested by Kim et al. [35].

In total, seven different biosorbent types of G carnosum were
added to 100 ml of a zinc solution (100 mg/l, pH 6.0) in 250-ml
Erlenmeyer flasks. The biosorption studies were performed on a
rotary shaker (150 rev/min) at a constant temperature (30°C). Samples
of the liquid were taken at the beginning (0), and then after 15, 30,
60, 120, 240, 480, and 720 min.

Analytical Methods

The Zn(II) analyses were performed using an atomic absorption
spectrophotometer (Perkin Elmer 3110). All the experiments were
repeated three times, with the arithmetic averages of the results
given. For each strain, the growth data were curve-fitted to calculate
the EC,, (effective concentration inhibiting growth by 50%) in solid
and liquid media. The amount of adsorbed Zn(Il) ions per g
of biosorbent was obtained using the following general equation:

Q=[(G-Co)-VIM M

where Q is the amount of Zn(Il) ion adsorbed on the biosorbent
(mg/g), C, is the initial Zn(Il) ion concentration in the solution (mg/
1), C. is the final Zn(II) ion concentration in the solution (mg/l), V is
the volume of the medium (I), and M is the amount of the
biosorbent used in the reaction mixture (g).



The results were subjected to a one-way analysis of variance
(ANOVA) and LSD comparison of the means, P<0.05, using SPSS.

RESULTS AND DISCUSSION

In Vitro Tolerance Studies

To determine the toxicity of zinc, mushroom strains were
cultivated in the presence of elevated zinc concentrations
in solid and then liquid media. Table 1 shows the findings
concerning the tolerance indices for the solid media. The
tested mushroom strains, with the exception of Polyporus
arcularius, were not significantly inhibited at the lowest
Zn(1l) concentration (25 mg/l) in an agar culture. However,
Polyporus arcularius was inhibited 57% at this concentration
and almost completely inhibited at higher Zn(Il) concentrations.
According to the dry weight and colony diameter tolerance
indices, the highest concentration (225 mg/l) of zinc in
the solid MMN medium completely or very strongly
inhibited most of the mushroom strains, with the exception
of Clavariadelphus truncatus and Tricholoma equestre
(Table 1), where the growth was only slightly inhibited
and the growth ratios were 88% and 47% of the controls,
respectively. In addition, the calculated ECs, values were
relatively high at 185 mg/l for C. truncatus and 85 mg/! for
T equestre.

Baldrian and Gabriel [4] reported that, in the presence of
metals (Cd, Co, Cr, Cu, Hg, Mn, and Pb) in the growth
medium, some white rot basidiomycetes mycelium turned
orange and were very dense and flat. They also lacked the
formation of aerial hyphae. In contrast, for the present
study criteria, none of the mushrooms was significantly
affected by any dose of Zn(II).

In this study, a strong interspecific variation in zinc
tolerance was determined, as C. truncatus (T 192), G
carnosum (M 88), T hirsuta (T 587), and T. equestre (T
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174) were more tolerant to zinc than the other species on
solid media. A similar variation has also been detected in
some other studies [4, 7, 11,17, 39, 51]. Gast et al. [27]
concluded that species differences were a more important
factor for metal levels in mushrooms than soil factors.

Vodnik et al. [51] suggested that a tolerance index based
on the diameter of the fungal culture on solid media was
not an appropriate parameter for estimating fungal metal
tolerance. However, the current findings pertaining to the
dry weight and colony diameter were correlated for all
the examined fungi. C. truncatus and T. equestre were the
most tolerant strains for both indices, whereas G carnosum
and T, hirsuta were the most tolerant strains at a 75 mg/l
concentration based on the dry weight of the mycelia.
Therefore, these four strains, C. rruncatus, T equestre, G
carnosum, and T hirsuta, were all chosen for further
tolerance studies in liquid media owing to their different
tolerance abilities.

The zinc tolerances of the four selected mushroom
strains in liquid media were lower than those for solid
media, with the exception of 7. equestre (Tables 1 and 2).
The growth of this strain in a liquid culture with 25 and
75 mg/l Zn(II) concentrations was reduced to only 4% and
23% of the controls, respectively, whereas according to the
dry weight data, the inhibition values for solid media were
18.5% and 36%, respectively. C. truncatus was also the
most tolerant strain in liquid media.

Contrary to the results reported by Blaudez ef al. [ 7], the
present results revealed that the metal toxicity increased
when growing the fungi in liquid media compared with
solid media. Some other researchers have also reported
similar results [28, 50, 51]. In this study, the EC, values
were generally considerably lower for the liquid cultures
compared with the solid cultures. For example, the ECy,
values for C. truncatus decreased from 185 (in solid culture)
to 115 mg/l (in liquid culture), plus the EC,, values for all

Table 1. Tolerance indices based on dry weight (mg) and colony diameter (mm) of mycelium to elevated zinc concentrations in solid

media.
Zn(1l) (mg/1)*

Mushroom strains 25 75 225 ECs,

(mg/l)

DW" CD DW CD DW CD

Lenzites betulina S 2 53.0+2.5ab 100.0+0.0a 64.0£2.7ac  75.0£0.0a 2.0£0.6ab 0.0+ 0.0a 70
Trametes hirsuta T 587 97.0£3.8acd  100.0£0.0a 117.0£2.0b  62.0+£0.0b 0.0£0.0a 0.0£0.0a 78
Tricholoma equestre T 174 81.5£3.0abd  100.0£0.0a 64.0£6.0ac  80.0+0.0¢c 47.0+£32¢  30.0£0.0b 85
Ganoderma spp. T 99 107.0+7.0cd 90.0+0.0ab 68.0+2.6ac  76.0+5.8ac 0.0+0.0a 0.0+£0.0a 72
Lepista nuda T 373 142.0£7.2cef 92.0£15.5b 97.0+4.1ab  80.0+0.0c 9.0£3.2b 0.0£0.0b 74
Polyporus arcularius T 438 43.0+2.3b 77.0+8.0ab 4.5+0.9d 0.0+0.0d 0.0£0.0a 0.0£0.0a 43
Clavariadelphus truncatus T 192 124.0+6.6de 100.0+4.8a 107.044.3b  92.0+4.2¢ 88.0:2.1d  72.0+2.1c 185
Rhizopogon roseolus T 21 125.0+7.4de 100.0+0.0a 50.0£23¢  50.0+0.0f 7.0:03ab  0.0+£0.0a 77
Ganoderma carnosum M 88 171.0£12.4f 100.0+0.0a 117.0£7.1b 90.0+0.0e 7.0+0.4ab 0.0+0.0a 82

*MeantSE, n=3, one-way ANOVA. Values in each column followed by the same letter do not differ significantly.

*DW, Dry weight; CD, Colony diameter.
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Table 2. Tolerance indices based on dry weight (mg) of mycelium to elevated zinc concentrations in liquid media.

Mushroom strains Zn(ID) (mg/ly ECs
25 75 150 (mg/)
C. truncatus T 192 98.3+£7.0a 88.7+4.3a 84.5+4.4a 115
T hirsuta T 587 101.7+£3.4b 65.0+£5.6a 45.9+3.6b 105
T equestre T 174 96.0+£2.6b 77.1£6.9ab 31.2+£2.1¢ 90
G. carnosum M 88 115.3+£6.4b 80.4+4.5ac 11.0+1.6d 74

*Mean=SE, n=3, one-way ANOVA. Values in each column followed by the same letter do not differ significantly.

the strains were lower in a liquid culture, with the exception
of T equestre. Therefore, as previously recognized by
Rapp and Jentscke [46], it may be possible to expect that
liquid cultures give a better estimation of the toxicity values
of metals. However, mycelial growth in liquid media does
not reflect mycelial growth in soil [7, 28]. Furthermore,
fungal mycelia differentiation in the absence of a solid
substrate may affect the toxicity of metals to mycelia [29].
Therefore, the high zinc tolerance of mycorrhizal strains,
such as C. truncatus and T. equestre, on solid media could
be accepted as expected results for subsequent mycorrhizal
seedling production studies.

It is well documented that metal phytotoxicity is
decreased by ectomycorrhizal fungi [11, 15, 19, 32, 39, 54].
Leyval et al. [39] suggested that mycorrhizae reduce metal
concentrations in plant tissue through a variety of different
mechanisms, such as binding to the cell walls of extrametrical
hyphae, protection by the fungal mantle, reduction of metal
availability by the whole fungal biomass, and modification
of the rhizosphere. The metal-ion binding mechanism in
biosorption involves different processes, such as complexation,
coordination, electrostatic attraction, microprecipitation,
and ion exchange [31]. Bellion ef al. [6] recently reported
evidence of potential extracellular and intracellular mechanisms
that may be involved in the tolerance of ectomycorrhizal
fungi to excess metals in their environment. According to
Bellion et al. [6], Zn(I]) tolerance in Suillus bovinus may be
primarily due to a reduced Zn(Il) accumulation within the
cells. Meanwhile, another study ascertained that S. bovinus
reduced the needle Zn(IT) amount of a high external metal
concentration, and this effect increased when the fungus
was pretreated with Zn(IT) for 6 months [12]. It has been
suggested that tolerance to one metal does not imply
tolerance to all metals. However, zinc tolerance has been
detected as being positively correlated with Cu and Cd
tolerance [7]. In study by Denny and Wilkins [18], Zn(II)
toxicity in mycorrhizal Betula sp. was reduced by the
adsorption of Zn(IT) to the hyphal surface.

Nonmycorrhizal trees are inhibited by metal concentrations
that are generally far lower than those that inhibit the growth
of ectomycorrhizal fungi in pure cultures [7]. Therefore,
axenic studies into the metal tolerance of ectomycorrhizal
fungi may help in the selection of fungi likely to increase
host tolerance. Thus, four of the fungi strains used in this

study were ectomycorrhizal (7 equestre, L. nuda, C.
truncatus, and R. roseolus). The high zinc tolerance of
these strains on solid media may lead to studies about
metal tolerance under symbiotic conditions.

Biosorption Studies

The results of the biosorption studies are given in Fig. 1.
All strains demonstrated a higher biosorption capacity
than charcoal and clay, with the exception of two dry (T
equestre and R. roseolus) and one wet (C. truncatus)
biosorbent. G carnosum was found to be the most potent
biosorbent for both the wet and dried biosorbent types.
Interestingly, this strain was determined to be sensitive in
the liquid culture tolerance experiments (Table 2). The
Zn(Il) tolerances of G carnosum in solid and liquid
cultures at the highest Zn(II) concentration were only 7%
and 11%, respectively. In contrast, the most tolerant strain,
C. truncatus, presented weak biosorption activity for both
biosorbent types. 7. hirsuta and L. betulina were determined
as other significant strains. Some researchers have reported
that metal biosorption by the microbial biomass is not
correlated to metal tolerance [47]. Similar results were also
obtained from liquid and solid media with the fungi
investigated in this study. Although C. truncatus and T.
equestre were determined to be the most tolerant strains
against zinc, both the wet biosorbent type of C. truncatus
and dried biosorbent type of 7. equestre demonstrated the
weakest biosorption capacity among all tested strains. In
contrast, both of the biosorbent types of G carnosum
represented the highest biosorption capacity for Zn(Il) in
the present study. Although this strain was the most
sensitive strain in liquid media, its biosorption capacity
was higher than the more tolerant strains, such as C.
truncatus, T. equestre, and T. hirsuta. Therefore, according
to these results, it would seem that metal tolerance was not
a factor in Zn(Il) biosorption capacity.

In addition, the Zn(IT) biosorption abilities of different
biosorbent types prepared from G carnosum were observed
in batch experiments. To determine the best biosorbent type
of G carnosum, seven different biosorbents were compared.
To prepare the dead biomass, resting, and live cells, the
flasks were incubated at 30°C at an agitation rate of
150 rev/min for 192 h, corresponding to the accelerated
growth phase of the biomass (Fig. 2).
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The time course profile of the biosorbent materials
showed that an equilibrium was attained in a relatively
short time. Yet, a sudden increase was observed after an
equilibrium period of 240 and 480 min as regards the
biosorption capacity of the resting and live cells, respectively.
The different biosorption tendencies of the resting and live
cells of G carnosum may have been due to the combined
effect of biosorption and desorption during the equilibrium
period, as after a long equilibrium period, the biosorption
phenomenon appeared to play a more dominant role in the
process rather than desorption. However, according to the
results, it was possible to use each type of biomass to
remove Zn(Il) (Fig. 3), although the resting cells of G
carnosum were preferred, being easy to cultivate, readily
available, and the method of preparation much easier. The
biosorption capacity obtained in this study was comparable
to and higher than that of many corresponding biosorbents.
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Fig. 2. Growth curve of Ganoderma carnosum (M 88).

Whereas earlier studies have shown that this strain can be
used for the removal of lead (II) ions from aqueous solutions
[2], the present report constitutes the first evidence of the
biosorption of Zn(II) ions by G carnosum.

The Zn(II) biosorption capacity values for the examined
mushroom strains, in particular those for G carnosum,
were comparable to those in existing literature [42, 48, 53].
For instance, the biosorption capacity of the biomass of
Volvariella volvacea is 11.7 mg Zn(ll)/g biomass [42].
The biosorption capacity of Sargassum sp. and Ulva sp.
is 32.5 and 35 mg Zn(Il)/g biomass, respectively [48].
The macrophyte biomass of Alternanthera philoxeroides
has been used for the removal of Zn(ll) ions and
its biosorption capacity found to be 18.57 mg Zn(ll)/g
biomass [53]. Meanwhile, the biosorption capacity of the
resting cells of G carnosum was determined as 31 mg
Zn(1l)/g biomass.
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Fig. 3. Time course of Zn(II) sorption by different biosorbent
types from Ganoderma carnosum (M 88).
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In conclusion, Clavariadelphus truncatus (T 192) was
found to be the most zinc-tolerant strain in both culture
types. However, its biosorption capacity was weaker than
that of the other strains, especially in wet biosorbents.
Interestingly, a more sensitive strain, Ganoderma carnosum
(M 88), was the most effective strain for biosorption
capacity. Therefore, the bioremediation and/or mycorrhizal
seedling production for zinc-contaminated environments
should be further investigated through these strains.

Acknowledgments

The authors would like to thank Ayhan Demir Gurpinar
and Salim Tiirkel (Soil and Ecology Research Institute,
P.O. Box 61, Eskisehir, Turkey), Hasan Kostekei, Tamer
Akar, and Sibel Tunali for their technical assistance and
contributions.

REFERENCES

1. Adriaensen, K., J. Vangronsveld, and J. V. Colpaert. 2006. Zinc-
tolerant Suillus bovinus improves growth of Zn-exposed Pinus
sylvestris seedlings. Mycorrhiza 16: 553-558.

2. Akar, T, A. Cabuk, S. Tunali, and M. Yamac. 2006. Biosorption
potential of the macrofungus Ganoderma carnosum for removal
of lead (I) ions from aqueous solutions. J. Environ. Sci. Health
A 41: 2587-2606.

3. Baldrian, P. 2003. Interactions of heavy metals with white-rot
fungi. Enzyme Microb. Technol. 32: 78-91.

4, Baldrian, P. and J. Gabriel. 1997. Effect of heavy metals on the
growth of selected wood-rotting Basidiomycetes. Folia Microbiol.
42: 521-523.

5. Barceloux, D. G 1999. Zinc. J. Toxicol. Clin. Toxicol. 37: 279—
292.

6. Bellion, M., M. Courbot, C. Jacob, D. Blaudez, and M. Chalot.
2006. Extracellular and cellular mechanisms sustaining metal
tolerance in ectomycorrhizal fungi. FEMS Microbiol. Lett. 254:
173-181.

7. Blaudez, D., C. Jacob, K. Turnau, J. V. Colpaert, U. Ahonen-
Jonnarth, R. Finlay, B. Botton, and M, Chalot. 2000. Differential
responses of ectomycorrhizal fungi to heavy metals in vitro.
Mycol. Res. 104: 1366-1371.

8. Breitenbach, J. and F. Krinzlin. 1991. Fungi of Switzerland,
Volume 3. Boletes and Agarics (Ist Part). Verlag Mykologia,
Lucern.

9. Breitenbach, J. and F. Krinzlin. 1995. Fungi of Switzerland,
Volume 4. Agarics (2nd Part). Verlag Mykologia, Lucern.

10. Brown, M. T. and 1. R. Hall. 1990. Metal tolerance in fungi,
pp- 95-104. In J. Shaw (ed.), Heavy Metal Tolerance in Plants:
Evolutionary Aspects. CRC Press, Boca Raton.

11. Brown, M. T. and D. A. Wilkins. 1985. Zinc tolerance of
mycorrhizal Betula. New Phytol. 99: 101-106.

12. Biicking, H. and W. Heyser. 1994. The effect of ectomycorrhizal
fungi on Zn uptake and distribution in seedlings of Pinus
sylvestris L. Plant Soil 167: 203-212.

15.

16.

17.

18.

19.

20.

21.

22.

23,

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Cho, D. H., M. H. Yoo, and E. Y. Kim. 2004. Biosorption of

lead (Pb™) from aqueous solution by Rhodotorula aurantiaca.
J. Microbiol. Biotechnol. 14: 250-255.

. Cho, J. 8., J. S. Hur, B. H. Kang, P. J. Kim, B. K. Sohn, H. I.

Lee, Y. K. Jung, and J. S. Heo. 2001. Biosorption of copper by
immobilized biomass of Pseudomonas stutzeri. J. Microbiol.
Biotechnol. 11: 964-972.

Colpaert, J. V. and J. A. van Assche. 1993. The effects of
cadmium on ectomycorrhizal Pinus sylvestris L. New Phytol.
123: 325-333.

Curdova, E., L. Vavruskova, M. Suchanek, P. Baldrian, and
J. Gabriel. 2004. ICP-MS determination of heavy metals in
submerged cultures of wood-rotting fungi. Talanta 62: 483-
487.

Denny, H. J. and D. A. Wilkins. 1987. Zinc tolerance in Befula
spp. III. Variation in response to zinc among ectomycorthizal
associates. New Phytol. 106: 535-544.

Denny, H. J. and D. A. Wilkins. 1987. Zinc tolerance in Betula
spp. IV. The mechanism of ectomycorrhizal amelioration of zinc
toxicity. New Phytol. 106: 545-553.

Dixon, R. K. and C. A. Buschena. 1988. Response of
ectomycorrhizal Pinus banksiana and Picea glauca to heavy
metals in soil. Plant Soil 105: 265-271.

Ellis, M. B. and C. P. Ellis. 1990. Fungi Withouwt Gills
(Hymenomycetes and Gasteromycetes). Chapman and Hall,
London.

Gabriel, J., J. Vosahlo, and P. Baldrian. 1996. Biosorption of
cadmium to mycelial pellets of wood-rotting fungi. Biotechnol.
Tech, 10: 345-348.

Gadd, G. M. 1988. Special microbial processes, pp. 301-433.
In H. J. Rehm (ed.), Biotechnology. VCH Verlagsgesselschaft,
Weinheim.

Gadd, G M. 1990. Heavy metal accumulation by bacteria and
other microorganisms. Experientia 46: 834-840.

Gadd, G. M. 1992, Biosorption. J. Chem. Tech. Biotechnol. 55:
302-304.

Gadd, G M. 1993. Interactions of fungi with toxic metals. New
Phytol. 124: 25-60.

Garcia, M. A., ]. Alonso, and M. J. Melgar. 2005. Agaricus
macrosporus as a potential bioremediation agent for substrates
contaminated with heavy metals. J. Chem. Tech. Biotechnol. 80:
325-330.

Gast, C. H., E. Jansen, J. Bierling, and L. Haanstra. 1988.
Heavy metals in mushrooms and their relationships with soil
characteristics. Chemosphere 17: 789-799.

Hartley, E.,, J. W. G Cairney, and A. A. Meharg. 1997. Do
ectomycorrhizal fungi exhibit adaptive tolerance to potentially
toxic metals in the environment? Plant Soil 189: 303-319.
Hartley, E., J. W. G Caimey, F. E. Sanders, and A. A. Mcharg
1997. Toxic interactions of metal ions (Cd**, Pb*, Zn*, and
$b*) on in vitro biomass production of ectomycorrhizal fungi.
New Phytol. 137: 551-562.

Jentschke, G. and D. L. Godbold. 2000. Metal toxicity and
ectomycorrhizas. Physiologica Plant. 109: 107-116.

Jeon, C., J. Y. Park, and Y. J. Yoo. 2001. Biosorption model for
binary adsorption sites. J. Microbiol. Biotechnol. 11: 781-787.
Jones, M. D. and T. C. Hutchinson. 1986. The effect of
mycorrhizal infection on the response of Betula papyrifera to
nickel and copper. New Phytol. 102: 429-442.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kalac, P. and L. Svoboda. 2000. A review of trace element
concentrations in edible mushrooms. Food Chem. 69: 273-281,
Kierstan, M. P. J. and M. P. Coughlan. 1985. Immobilisation
of cells and enzymes by gel entrapment, pp. 39-48. In J.
Woodward (ed.), Immobilized Cells and Enzymes - A Practical
Approach, IRL. Press, Oxford.

Kim, S. W, H. J. Hwang, J. P. Park, Y. J. Cho, C. H Song,
and J. W. Yun. 2002. Mycelial growth and exo-biopolymer
production by submerged culture of various edible mushrooms
under different media. Lett. Appl. Microbiol. 34: 56-61.
Kratochvil, D. and B. Volesky. 1998. Advances in the biosorption
of heavy metals. Trends Biotechnol 16: 291-300.

Krupa, P. and J. Kozdroj. 2004. Accumulation of heavy metals
by ectomycorrhizal fungi colonizing birch trees growing in an
industrial desert soil. World J. Microbiol. Biotechnol. 20: 427-
430.

Lebeau, T., D. Bagot, K. Jézéquel, and B. Fabre. 2002.
Cadmium biosorption by free and immobilised microorganisms
cultivated in a liquid soil extract medium: Effects of Cd, pH
and techniques of culture, Sci. Total Environ. 291: 73-83.
Leyval, C., K. Turnau, and K. Haselwandter. 1997. Effect on
heavy metal pollution on mycorrhizal colonization and function:
Physiological, ecological and applied aspects. Mycorrhiza 7:
139-153.

Lo, W,, H. Chua, K. H. Lam, and S. P. Bi. 1999. A comparative
investigation on the biosorption of lead by filamentous fungal
biomass. Chemosphere 39: 2723-2736.

Luef, E., T. Prey, and C. P. Kubicek. 1991. Biosorption of zinc
by fungal mycelial wastes. Appl. Microbiol. Biotechnol. 34:
688—692.

Mohanty, S. S. and C. R. Chaudhury. 2002. Biosorption of Cu
and Zn using Volvariella volvacea. Int. J. Environ. Stud. 59:
503-512.

Moser, M. 1983, Keys to Agarics and Boleti. Stuttgart: Gustav,
Fischer Verlag, Stuttgart.

Muraleedharan, T. R. and C. Venkobachar. 1990. Mechanism of
biosorption of copper (1) by Ganoderma lucidum. Biotechnol.
Bioeng. 35: 320-325.

Muraleedharan, T. R., L. Iyengar, and C. Venkobachar. 1995.
Screening of tropical wood-rotting mushrooms for copper
biosorption. Appl. Environ. Microbiol. 61: 3507~3508.

46.

47.

48.

49.

50.

51.

52

53.

54.

55.

56.

57.

ZINC TOLERANCE AND BIOSORPTION BY BASIDIOMYCETES 489

Rapp, C. and G lJentscke. 1994. Acid deposition and
ectomycorrhizal symbiosis: Field investigations and causal
relationships, pp. 183-230. /n D. L. Godbold and A. Hiittermann
(eds.), Effects of Acid Rain on Forest Processes. Wiley-Liss,
New York.

Rho, J. Y. and J. H. Kim. 2002. Heavy metal biosorption and its
significance to metal tolerance of Streptomycetes. J. Microbiol.
40: 51-54.

Sheng, P. X, Y. P. Ting, J. P. Chen, and L. Hong. 2004.
Sorption of lead, copper, cadmium, zinc, and nickel by marine
algal biomass: Characterization of biosorptive capacity and
investigation of mechanisms. J. Colloid Interf. Sci, 275: 131-
141.

Sing, C. and J. Yu. 1998. Copper adsorption and removal from
water by living mycelium of white-rot fungus Phanerochaete
chrysosporium. Water Res. 32: 27462752,

Tam, P. C. F. 1995. Heavy metal tolerance by ectomycorrhizal
fungi and metal amelioration by Pisolithus tinctorius. Mycorrhiza
5: 181-187.

Vodnik, D., A. R. Byrne, and N. Gogala. 1998. The uptake and
transport of lead in some ectomycorrhizal fungi in culture.
Mycol. Res. 102: 953-958.

Volesky, B. 1990. Removal and recovery of heavy metals by
biosorption, pp. 7-43, In B. Volesky (ed.), Biosorption of
Heavy Metals. CRC Press, Boca Raton.

Wang, X. S. and Y. Qin. 2006. Removal of Ni(I), Zn(Il), and
Cr(VD) from aqueous solution by Alternanthera philoxeroides
biomass. J. Hazard, Mater. B138: 582~588.

Wilkins, D. A. 1991. The influence of sheathing (ecto-)mycorrhizas
on the uptake and toxicity of metals. Agric. Ecosyst. Environ.
35: 245-260.

Wilkinson, D. M. and N. M. Dickinson. 1995. Metal resistance
in trees: The role of mycorrhizae. Oikos 72: 298-300.

Yetis, U, A. Dolek, F. B. Dilek, and G. Ozcengiz. 2000. The
removal of Pb(Il) by Phanerochaete chrysosporium. Water Res.
34: 4090-4100.

Zhou J. L. 1999. Zn biosorption by Rhizopus arrhizus and other
fungi. Appl. Microbiol. Biotechnol. 51: 686693,



