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INTRODUCTION

Ectomycorrhizal symbiosis has been found to improve plant 
growth by increasing water (Duddridge et al. 1980) and nutrient 
uptake, such as N, P, K and Zn (Smith and Read 1997) via in-
creases in the absorbing area as a result of hyphal infection. While 
air pollution may indirectly affect the vitality of ectomycorrhizal 
fungi, as a result of reduced carbohydrate translocation from host 
plants to the fungi (Termorshuizen and Schaffers 1991), soil pollu-
tants, such as heavy metals, can also have a direct effect on the 
fungal partners themselves. Reductions in the number of species and 
the sporophore production of ectomycorrhizal fungi caused by heavy 
metals have been found in coniferous forests situated close to a 
Cu-Pb smelter in Sweden (Rühling and Söderström 1990), and a Zn 
smelter in Poland (Kowalski et al. 1990).

Cadmium has been shown to be one of the most toxic heavy 
metals for ectomycorrhizal fungi (Paulus and Bresinsky 1989). Stu-
dies of ectomycorrhizal fungi in in vitro experiments have shown 
considerable, but differential, sensitivity to Cd (McCreight and 
Schroeder 1982, Blaudez et al. 2000, Colpaert et al. 2000). Less 
sensitive ectomycorrhizal fungi may confer a certain level of Cd 
resistance to host plants in Cd-contaminated soil (Jongbloed and 
Borst-Pauwells 1990).

We have previously reported the effects of Cd and mycorrhizal 
colonisation on growth and Cd accumulation in Pinus sylvestris 
seedlings (Kim et al. 2004). It was hypothesised that the least 
Cd-sensitive ectomycorrhizal fungi in in vitro experiments would 
confer Cd resistance in P. sylvestris seedlings. The objective of the 
present study was to assess and compare the sensitivity of three 
ectomycorrhizal fungi, Paxillus involutus, Suillus bovinus and 
Rhizopogon subcaerulescens, to Cd without their host plants, in 
terms of radial growth and dry mass production, using agar and 
liquid culture, respectively. These ectomycorrhizal fungi were cho-
sen because they have been observed to form ectomycorrhizas with 
P. sylvestris and because of their relative ease of cultivation and fast 
growth rates (Kim et al. 2003). Paxillus has a broad host range 
(Villeneuve et al. 1989), whereas Suillus and Rhizopogon appears to 
be ectomycorrhizal exclusively with the members of the Pinaceace 
(Finlay 1989, Molina and Trappe 1994). Although the effects of Cd 
toxicity have been reported for P. involutus and S. bovinus 
(Darlington and Rauser 1988, Hormilla et al. 1996, Blaudez et al. 
2000), no such studies have yet been carried out for R. subcae-
rulescens.
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Cultures of Paxillus involutus (Batsch. ex Fr.) Fr. (isolate no. 
87017), Suillus bovinus (Fr.) O. Kuntze (isolate no. 096) and 
Rhizopogon subcaerulescens Smith (isolate no. 379) were obtained 
from Professor D.J. Read at the University of Sheffield in April 
1999. The stock cultures were grown in an incubator at 20℃, in the 
dark, on modified Melin-Norkrans' (MMN) agar medium (Marx 1969).

Radial Growth
As a pilot study, radial growth of the ectomycorrhizal fungi was 

investigated at concentrations of 0, 1, 2, 5, 10 or 50 mg Cd/L. 
However, since the radial growth was greatly inhibited at levels 
above 1 mg Cd/L for all fungi, a second experiment was carried out 
to determine the response of the fungi to levels below 1 mg Cd/L.

Cadmium chloride was incorporated into the MMN agar in order 
to give final concentrations of 0, 0.1, 0.5 or 1.0 mg/L. Mycelial agar 
plugs (7 mm diameter) were removed from the edge of actively 
growing fungal colonies; these were 2~4 weeks old, depending on 
the growth rates of the fungal species. An agar plug was placed on 
the centre of the fresh solidified MMN agar medium. The inoculated 
plates were kept in a 20℃ incubator, in the dark. Six replicates 
were used for each treatment. Due to the high radial growth rate of 
the P. involutus colony, colony diameters were measured every two 
days until the control colonies of each species reached the edges of 
the plates. The mean colony diameter was calculated from the 
widest diameter and its perpendicular diameter. The radial growth 
rates of the fungi were determined from a regression analysis of 
diameter against time. Effective concentrations inhibiting growth by 
50% (EC50) were calculated from curve-fitted growth rate data.

Dry Mass Production
Prior to inoculation in liquid MMN medium, 7 mm diameter agar 

plugs from the fungal colonies on MMN agar were removed and 
incubated on 15% (w/v) water agar. The plugs were maintained until 
the mycelium projected around the upper periphery of the plugs 
(Palmer and Hacskaylo 1970). Cadmium chloride was added into the 
MMN basal liquid medium in order to give final concentrations of 
0, 1, 2, 5, 10 or 50 mg/L. One plug of inoculum incubated on the 
water agar was floated on the surface of 25 ml of treated medium 
and then incubated at 20℃. Six plates were prepared for each 
treatment.

Three replicates of each treatment were harvested at days 14 and 
21. The mycelium from a single replicate was rinsed with distilled 
water and then collected on a Whatman no. 1 filter paper under 
suction. The collected mycelial mat was dried in an oven at 80℃ 
for 48 h and weighed. The final dry weight of mycelium was ob-
tained by subtracting from that of the filter paper-mycelial weight, 
the predetermined oven-dried weight of filter paper and initial dry 

weight of fungal inoculum which was determined as the mean of the 
dry weight of 15 plugs. The EC50 was calculated for each harvest 
date.

Statistics
Data were analysed using the STATISTICA (version 5.5, 

STATSOFT, USA) statistical package. The effect of Cd on the 
growth of each fungus was evaluated using one-way analysis of 
variance. Statistically significant differences between means were 
identified by Tukey's honestly significant difference (HSD) test (p 
< 0.05).

RESULTS

Effect of Cadmium on Radial Growth of Ectomycorrhizal Fungi
Although a smaller amount of Cd was added than in the pilot 

experiment, the overall effect of Cd on the radial growth of P. 
involutus was still highly significant (F = 310.1, p < 0.001) (Fig. 
1A, Table 1). The growth rates were not affected by the 0.1 mg/L 
treatment compared to the controls, whereas they were reduced at 
0.5 and 1.0 mg/L. The growth rates of S. bovinus were significantly 
reduced by Cd addition (F = 299.2, p < 0.001) (Fig. 1B, Table 1). 
The growth rates at levels above 0.5 mg/L were 91 % lower than 
those in the controls. A difference in the radial growth of S. bovinus 
between 0 and 1 mg/L was seen on day 12 and continued for the 
rest of the incubation period. The growth rates of R. subcaerule-
scens were also reduced by Cd addition (F = 57.7, p < 0.001) (Fig. 
1C, Table 1). The overall growth rates of P. involutus were higher 
than those of S. bovinus or R. subcaerulescens. The EC50 value for 
R. subcaerulescens (EC50 > 1.0) was greater than that of P. 
involutus (EC50 = 0.96) or S. bovinus (EC50 = 0.10).

The mycelial colour of all fungi changed during the incubation. 
The brown colour of the P. involutus mycelium intensified, although 

Table 1. Mean growth rates (mm/day) of ectomycorrhizal fungi 
exposed to Cd on MMN agar. Data are means ± standard 
errors (n=6). Values within columns with the same letters 
are not significantly different (Tukey's HSD test, p < 0.05)

Cd added
(mg/L)

Mean growth rates (mm/day)

P. involutus S. bovinus R. subcaerulescens

0.0 5.23±0.10 a 2.30±0.10 a 1.30±0.05 a

0.1 5.06±0.07 a 1.11±0.06 b 1.15±0.09 b

0.5 3.87±0.11 b 0.20±0.03 c 0.94±0.03 c

1.0 2.50±0.14 c 0.12±0.02 c 0.74±0.04 d
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Fig. 1. Radial growth (mm) of (A) P. involutus, (B) S. bovinus and 
(C) R. subcaerulescens exposed to Cd on MMN agar.

this was not conspicuous compared to changes of the colour of S. 
bovinus or R. subcaerulescens. Both the agar itself and the white 

mycelium of S. bovinus also developed a brown coloration in the 
presence of Cd. Development of brown pigmentation in the centre 
of the control colony was also observed in R. subcaerulescens, with 
the extent of pigmentation directly related to Cd concentrations.

Effect of Cadmium on Dry Mass Production by Ectomycorrhizal 
Fungi

Dry mass production of the three fungi was significantly reduced 
with increasing concentrations of Cd (Table 2). The least sensitive 
fungus appeared to be P. involutus, which produced a greater 
amount of mycelium than for either S. bovinus or R. subcae-
rulescens. On day 14, the EC50 for P. involutus (EC50 = 5.5) was 
greater than S. bovinus (EC50 = 1.4) or R. subcaerulescens (EC50 = 
1.6). The reduction in mycelial dry weight caused by Cd addition 
was similar for both S. bovinus and R. subcaerulescens on day 14. 
The difference in mycelial biomass between Cd and control 
treatments did not differ between days 14 and 21 for S. bovinus. 
However, growth of R. subcaerulescens continued between days 14 
and 21 in the Cd-treated medium. Therefore, the EC50 for R. sub-
caerulescens (EC50 = 3.5) was higher on day 21 than on day 14. 
On day 21, the EC50 for P. involutus (EC50 = 5.7) was still greater 
than S. bovinus (EC50 = 1.3) or R. subcaerulescens.

DISCUSSION

Cadmium caused a considerable reduction in growth of ecto-
mycorrhizal fungi in the present study. The significant reduction in 
growth at low Cd concentrations indicates that this metal could 
contribute to the decline of mycorrhizal fungi in heavy metal-conta-
minated forest ecosystems.

The sensitivity to Cd in terms of radial growth and dry mass 
production was highest in S. bovinus. The high sensitivity of S. 
bovinus to Cd has been demonstrated in both agar and liquid me-
dium elsewhere. Blaudez et al. (2000) observed a 96~99% reduction 
in dry weight of three isolates of S. bovinus at 1 mg Cd/L. Hormilla 
et al. (1996) also reported that the growth of S. bovinus was inhi-
bited by 84% and 81% at 3 mg Cd/L in a 35-day incubation in agar 
and liquid medium, respectively.

Although P. involutus was shown to be less sensitive to Cd than 
S. bovinus in the present study, Colpaert and Van Assche (1992) 
reported that the radial growth rates of P. involutus on Fries agar 
medium were lower than those of S. bovinus. Blaudez et al. (2000) 
also reported that P. involutus was less tolerant than S. bovinus in 
terms of dry mass production in MMN agar. Out of 19 P. involutus 
isolates tested, growth of 14 isolates was completely inhibited at 
levels of up to 1 mg Cd/L. Although the present study showed only 
26% inhibition in dry mass production of P. involutus at 1 mg 
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Table 2. Mycelial dry weight (mg) of ectomycorrhizal fungi exposed to Cd in liquid MMN medium. Data are means ± standard errors (n = 3). 
Values for each species and day within columns with the same letters are not significantly different (Tukey's HSD test, p < 0.05)

Cd added
(mg/L)

Dry weight (mg)

P. involutus S. bovinus R. subcaerulescens

Day 14 Day 21 Day 14 Day 21 Day 14 Day 21

 0 19.9 ± 1.4 a 23.0 ± 0.2 a 13.1 ± 0.1 a 15.5 ± 0.4 a 19.7 ± 0.4 a 19.8 ± 0.5 a

 1 15.0 ± 1.2 b 17.1 ± 0.2 bc  7.5 ± 0.0 b  8.1 ± 2.3 b 11.2 ± 0.2 b 12.3 ± 0.4 b

 2 13.5 ± 1.0 b 19.7 ± 0.7 b  5.6 ± 0.5 bc  7.1 ± 0.2 bc  9.0 ± 0.7 bc 12.5 ± 0.3 b

 5 14.2 ± 0.5 b 15.3 ± 1.3 c  3.4 ± 0.1 d  3.9 ± 0.2 bc  6.5 ± 1.3 cd  9.3 ± 1.2 b

10  4.0 ± 0.5 c  4.2 ± 0.7 d  3.7 ± 0.6 cd  5.8 ± 0.7 bc  4.2 ± 0.4 de  4.5 ± 1.0 c

50  3.9 ± 0.4 c  4.6 ± 0.1 d  2.6 ± 0.8 d  2.3 ± 0.9 c  3.2 ± 0.1 e  2.4 ± 0.6 c

ANOVA

F-ratio 1381.5 51.6 371.0 73.9 1030.5 83.0

p-value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Cd/L, it may not be appropriate to compare both results, since 
colony dry weight was not determined in liquid culture but in agar 
culture in the study by Blaudez et al. (2000).

The present study showed significantly different degrees of 
sensitivity between media. The EC50 values obtained from radial 
growth assessments were greater for R. subcaerulescens than P. 
involutus. However, EC50 values obtained following measurement of 
dry mass production were greater for P. involutus than R. subcae-
rulescens. In contrast, radial growth of S. bovinus was more 
sensitive to Cd than dry mass production. Darlington and Rauser 
(1988) also reported different levels of sensitivity to Cd in P. 
involutus. Based on radial growth on MMN agar, the growth rate 
of P. involutus was reduced by 85% at 0.1 mg Cd/L compared to 
the control. However, dry mass production was reduced by 45% at 
the same concentration in their study. They observed that the hyphae 
became more dense and that growth was achieved by elongation of 
submerged hyphae. Growth of the latter can not be accurately 
recorded in measurements of radial growth on the agar surface. 
Fungi which have thin mycelia growing very close to the agar 
surface can also outperform fungi which have denser, thick aerial 
colonies (Aggangan et al. 1998). Dry weight measurement of 
mycelium in liquid culture may, therefore, provide a more accurate 
assessment on Cd toxicity than measurements on agar culture. 

However, it should be noted that mycelial growth of ectomy-
corrhizal fungi in liquid culture is likely to be different from growth 
on solid substrates (Whipps 1987) and can not reflect mycelial 
growth in soil in a natural environment (Hartley et al. 1997). More 

importantly, the mycelia of symbiotic ectomycorrhizal fungi grow 
not only on solid surfaces but also in the intercellular spaces within 
the host plant roots, with a totally different pattern of hyphal growth 
(Kottke and Oberwinkler 1987). Therefore, there are fundamental 
limits to in vitro tests of pure cultures of ectomycorrhizal fungi on 
either agar or in liquid culture.

Although the growth of the three fungi tested in the present study 
was highly inhibited by Cd, the magnitude of the sensitivity differed 
between species, probably due to differences in Cd detoxification 
mechanisms. Higher growth rates of P. involutus in the present 
study appeared to contribute to reduced Cd toxicity. Faster growing 
fungi which produce more extramatrical hyphae may be less sen-
sitive to Cd due to the presence of more binding sites. However, an 
increase in metal uptake by fungi is far greater than an increase in 
binding of metals on cell walls (Brown and Hall 1990). Therefore, 
other mechanisms may be required for detoxification in P. involutus. 
Having observed significant transport of Cd into the vacuoles of P. 
involutus, Blaudez et al. (2000) suggested that vacuolar compart-
mentation, as well as binding of Cd on cell walls, may be two 
essential detoxification mechanisms in P. involutus.

Since the effects of Cd toxicity on radial growth and dry mass 
production have yet not been reported for R. subcaerulescens, Cd 
distribution in the mycelium needs to be analysed for additional 
information. Although only visual assessment was possible, the 
notable melanisation observed in the present study may be an im-
portant Cd tolerance mechanism for R. subcaerulescens, which was 
shown to be less sensitive to Cd than S. bovinus. Gruhn and Miller 
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(1991) suggested that melanin may be able to bind Cu and block 
its entry into the cell. Although a quantitative assessment of mela-
nisation was not possible within the current study, melanin pro-
duction within R. subcaerulescens hyphae may also play a similar 
role, binding and blocking Cd. 

Colpaert and Van Assche (1987) suggested that binding of heavy 
metals onto the extensive extramatrical hyphae of some species of 
Suillus may be effective at providing metal tolerance to a host plant. 
However, S. bovinus isolates in the present study appeared to be 
particularly sensitive to Cd. Vodnik et al. (1998) reported an inc-
rease in the pigmentation of S. bovinus caused by Pb. Although 
melanisation of S. bovinus was also observed in the present study, 
it did not appear to be effective in reducing Cd toxicity in this 
species.

From the results of the present study, a decline of S. bovinus in 
Cd-contaminated forests and a higher senitivity to Cd of S. bovinus- 
infected plants than P. involutus- or R. subcaerulescens-infected 
plants would be expected. However, the test of the fungal perfor-
mance in symbiosis with their host plants should be followed, 
because fungal physiology in vitro may be different to that in sym-
biosis (Marschner et al. 1998). 
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