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Abstract : We investigated whether cadmium (Cd) toxicity affects phosphorus (P) concentration and growth
of poplar, which might be related to the ectomycorrhizal associations. Populus xtomentoglandulosa cuttings
were treated with 0.1 mM and 0.4 mM CdSO, and inoculated with ectomycorrhizal fungus, Pisolithus
tinctorius (Pt) and grown in autoclaved peat vermiculite mixture for five months under greenhouse
conditions. Ectomycorrhizal plants showed significantly higher Cd concentration in leaves, stems and roots
than in non-mycorrhizal plants. Likewise, P contents in leaves and roots of ectomycorrhizal plants were
higher than those of non-mycorrhizal plants. Acid phosphatase activity in leaves of ectomycorrhizal plants,
however, was significantly lower than that of non-mycorrhizal plants. 0.1 mM Cd significantly increased
P content in leaves and stems of non-mycorrhizal plants. In spite of high P concentration, which is
accompanied by lower acid phosphatase activity, plant growth was not improved by inoculation with P,
tinctorius. Total plant dry weight was lower than the non-mycorrhizal counterpart. The results imply that
this might be caused by the large amount of energy consumption to alleviate Cd toxicity resulted from high
Cd accumulation in their tissues.
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Introduction

Poplar (Populus) trees have been reported as good
candidates for use in phytoremediation because they root
deeply, cycle large amount of water and grow rapidly
(Newman et al., 1997; Palmroth et al., 2002; Witting et
al., 2003). Poplar trees are known to be associated with
the ectomycorrhizal fungus Pisolithus tinctorius (Cripps
and Miller, 1995; Cairney and Chambers, 1999). Infec-
tion by ectomycorrhizal (ECM) fungi may benefit hybrid
poplar growing in contaminated soils by providing
greater access to water and nutrients and protecting the
trees from direct contact with the toxic contaminants
(Gunderson et al., 2007).

Cadmium (Cd) is invariably concentrated in the organic
surface horizon of soils, where seedlings are rooted,
together with any associated mycorrhizas (Smith and
Read, 1997). Great interest has been raised in the ability
of ectomycorrhizal (EM) fungi to regulate uptake of
heavy metals. In a number of cases, growth and survival
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of several species of pine growing on strip mine soil
with high levels of metals and extreme pH values were
improved by inoculation with Pisolithus tinctorius
(Pers.) Coker and Couch (Berry, 1982).

Phosphorus (P) is present in limiting amounts in many
soils and is consequently a very important factor affect-
ing plant growth (Bielski, 1973). The role of P in lim-
iting forest growth has been identified in many differing
forest ecosystems throughout the world. Soil P is largely
in the form of myoinositol hexaphosphate (phytic acid
salts), a form unavailable for direct plant uptake (Bieleski,
1973). This organically bound P may constitute 50-67%
of the total soil P supply and cannot be utilized without
the solubilization of orthophosphate (McLaren and
Skujins, 1971).

Ho (1979) demonstrated an increase in acid phos-
phatase activity (acid phosphomonoesterase, EC 3.1.3.2)
in low pH forest soils and suggested this as a mecha-
nism for increased levels of available P for plant uptake.
Acid phosphatase consists of a broad group of enzymes
that share the ability to hydrolyze various phosphate
esters with the release of phosphate ions (Hall and
Hawes, 1991). Acid phosphatase activity in the plant
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increases with phosphorus deficiency (Reid and Bieleski,
1970; McLachlan, 1976; Besford, 1979).

Mycorrhizal associations have been demonstrated to
potentially improve plant health and growth through
increased uptake of required nutrients particularly P
(Harley and Smith, 1983). The pool of available P to
plants can be increased by colonization with mycorrhizal
fungi through an increase in absorptive surface area,
greater uptake efficiency, or less available to the non-
mycorrhizal tree. Ectomycorrhizal fungi, which signifi-
cantly enhance phosphate uptake by host roots (Bowen,
1973), are believed important in catalyzing the hydrol-
ysis of organic phosphates and thus influencing the
phosphorus cycle. However, these positive mycorrhizal
effects could be reduced by various stresses such as
drought and high level of heavy metals. The objective of
the present study was to investigate whether Cd toxicity
affects P concentration and growth of Populus *xtomen-
toglandulosa cuttings, which might be related to the
ectomycorrhizal associations.

Materials and Methods

1. Plant and inoculum preparation

The clones used in this study were mainly hybrid pop-
lar (P xtomentoglandulosa). The stem cuttings were
taken from one-year old micropropagated stock plants
that were maintained in the nursery of the Department of
Forest Genetic Resources, Korea Forest Research Insti-
tute in Suwon, Korea.

Culture of P tinctorius was obtained from Chonnam
National University in Korea and the fungus was main-
tained as described previously (Marx, 1969). Fungal
inoculum was prepared using the method of Marx and
Bryan (1975). An 1-L flask was filled with a mixture of
60 mL peat and 840 mL vermiculite. Liquid MMN solu-
tion (400 mL) with 5 g glucose was added into the 900
mL peat-vermiculite mixture, mixed thoroughly and then
autoclaved for lh at 121°C. The sterilized MMN -peat-
vermiculite mixture was inoculated with 10 MMN agar
plugs (7 mm diameter) removed from the edge of
actively growing colonies of P. tinctorius. For the con-
trol treatment, 10 MMN agar plugs without mycelium
were added to the mixture. The flasks were kept at 20°C
in the dark. After the 3-month incubation, the P, tincto-
rius colonized substrate was removed from the flasks,
washed with running water to remove non-assimilated
nutrients, and kept in a plastic bag at 5°C for 3 days
until used for inoculation. Mycelial growth of P. tincto-
rius in the substrate can be seen through the naked eye.

2. Production of mycorrhizal P Xtomentoglandulosa
Ectomycorrhizal associations between P xtomentoglan-

dulosa and P tinctorius were synthesized aseptically in
plastic pots filled with peat-vermiculite (1:1 v/v) mix-
ture. The growth medium contained peat that passed
through a 2 mm sieve and vermiculite that was retained
in a 3 mm sieve. The mixture was autoclaved for 1h at
121°C. The fungal inoculum (P. tinctorius colonized sub-
strate) was mixed with the autoclaved clean peat-ver-
miculite mixture at a ratio of 1:6 by volume and then
placed into a plastic pot. Hybrid poplar cuttings (approx-
imately length 10 cm + 1) stored in the refrigerator for
one month were inserted into rooting plastic pots filled
with a mixture of fungal inoculum and growth mixture.

3. Cd treatment

Cd treatment was applied for thirty days after inserting
the stem cuttings. Cd was applied every three days over
a five-month period. At each Cd application, approxi-
mately 200 mL of 0.1 mM or 0.4 mM CdSO, solutions
were applied to the containerized plants. The pots were
placed in plastic dishes to retain leached nutrients and
CdSO, solution. Pots were randomized in the green-
house and rearranged every two or three weeks through-
out a five-month experimental period to minimize positional
effects. During the experimental period (May-October),
daily mean temperature and relative humidity were 23.1
+ 2.1°C and 74.3 + 10.9%, respectively.

4, Mycorrhizal infection

Ectomycorrhizae were detected easily after soaking in
cool tap water for 5 minutes. Counting of mycorrhizal
root tips (7 mm and shorter belonging to the orders of
the secondary and smaller roots) was done under a dis-
secting microscope. Percentage of mycorrhiza infection
was expressed as the number of infected lateral root tips
divided by the total number of such root tips multiplied
by 100.

4. Biomass and Cd determination

At harvest, shoots and roots were carefully separated,
rinsed thoroughly with distilled water twice and later
partitioned into leaves, stem and roots. After oven dry-
ing the tissues at 70°C to constant weight (three days),
the dry weights were recorded. Dried leaves, stems and
roots (0.5 g each) were ground and Cd concentration
was measured by inductively coupled plasma spectrom-
eter (ICPS-10001V, Shimadzu, Japan). Cd content is the
product of Cd concentration and plant dry weight.

6. P content and acid phosphatase activity

At the end of the 5 month trial, leaves and roots of the
freshly harvested plants were used for the determination
of acid phosphatase activity following the technique of
Macfall ef al. (1991). P concentration in the ground tis-
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sue was measured by inductively coupled plasma spec-
trometer (ICPS-1000IV, Shimadzu, Japan). P content is
the product of P concentration and plant dry weight.

7. Experimental design and statistics

The experiment was conducted following two factors
in Randomized Complete Block Design with 25 repli-
cates per treatment. Factor A was the Cd treatment (0,
0.1 and 0.4 mM) and Factor B was the mycorrhiza
inoculation treatment (non-mycorrhizal and mycorrhizal
with P. tinctorius). Data were statistically analyzed
using SAS System for Windows, Version 8.01 (SAS
Institute, USA). Mean values per treatment were com-
pared by GLM. When significant differences (P<0.05)
were indicated Duncan's multiple range tests (Duncan,
1955) were performed.
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Results

Figure 1 represents the monthly changes of Cd con-
centration in the leaves, stems and roots of one-year-old
poplar cuttings treated with 0.4 mM Cd solution. Ecto-
mycorrhizal plants consistently gave higher Cd concen-
trations in the leaves, stems and roots than those in the
non-mycorrhizal plants throughout the growing season
(Figure 1). Cd concentration in the leaves and stems of
mycorrhizal plants were higher in June, August and Sep-
tember. Cd concentration was highest in September
which significantly dropped in October.

In October, leaf Cd concentration in mycorrhizal
plants was significantly lower than non-mycorrhizal
plants. Cd concentrations in leaves, stems and roots of
non-mycorrhizal plants increased sharply in September and
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Figure 1. Monthly Cd concentration in the leaves, stems and roots of one-year-old non-mycorrhizal and mycorrhizal
P. Xxtomentoglandulosa cuttings grown in an autoclaved 1:1 peat vermiculite mixture with 0.4 mM CdSO,. All values are
means of three replicates=SD; *, ** and *** indicate significant difference between non-mycorrhizal and ectomycorrhizal
plant at P<0.05, 0.01 and 0.001, respectively.
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Figure 2. Mycorrhizal infection rate of 1-year-old
P Xtomentoglandulosa cuttings inoculated with ectomy-
corrhizal fungus, P. tinctorius grown in an autoclaved 1:1
peat vermiculite mixture with three levels of CdSO,. All
non-mycorrhizal plants did not have mycorrhiza infected
roots. Means with the same letter are not significantly
different at 5% level using Duncan's multiple range test.

were highest in October.

Ectomycorrhiza infected root tips were predominantly
monopodial and the mycelium associated with P. tincto-
rius treatment was dark brown in color. Ectomycorrhizal
root infection ranged from 44 to 68%. Control seedlings
were free of ectomycorrhizae. Cd level of 0.1 mM did
not affect root colonization by P. tinctorius. However,
increasing the Cd level to 0.4 mM decreased the rate of
root colonization by 65% relative to the Cd-untreated
cuttings (Figure 2).

Acid phosphatase (AP) activity in leaves of cuttings
showed significant (P<0.05) difference between non-
mycorrhizal and ectomycorrhizal plants but there were
no significant differences among Cd levels and the inter-
action between mycorrhizal status and Cd treatment. AP
activity in the leaves of ectomycorrhizal plants was sig-
nificantly lower than that in non-mycorrhizal plants (Fig-
ure 3). AP activity in the roots was not affected by
mycorrhizal inoculation and Cd treatment. However,
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Figure 3. Acid phosphatase activity in the leaves and roots
of one-year-old P Xtomentoglandulosa cuttings inoculated
with ectomycorrhizal fungus, P. tinctorius grown in an
autoclaved 1:1 peat vermiculite mixture with three levels
of CdSO,. All values are means of three replicates + SD.
Leaf AP activity: Pt**, Cd"*, PtxCd"™*; Root AP activity:
Pt"*, Cd*, PtxCd*; *, ** and *** indicate significant at P
<0.05, 0.01 and 0.001, respectively, and n.s.= not significant.

Table 1. Phosphorus concentration in leaves, stems and roots of one-year-old P. Xxtomentoglandulosa cuttings inoculated
with ectomycorrhizal fungus, P. finctorius grown in an autoclaved 1:1 peat vermiculite mixture with three levels of CdSO,.

Leaf Stem Root
Factor Treatment
P (mgkg™)
Control 1400+114 1013+£129 3284+300
Non-mycorrhizal 0.1 mM 27924263 12714236 2759+154
0.4 mM 1499+513 1182443 3061+420
Control 2388+116 1346+455 3857+£316
Ectomycorrhizal 0.1 mM 2784+370 1448+130 3831+561
0.4 mM 2979+290 1570+486 47284350
Pt skokok n.s. seskok
Pr>F Cd Hok n.s. *
PtxCd o n.s. n.s.

All values are means of three replicates + SD; * P <0.05, ** P <0.01, *** P <0.001, and n.s.=not significant.
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Table 2. Dry weight of one-year-old P. xtomentoglandulosa cuttings inoculated with ectomycorrhizal fungus, P. tinctorius
grown in an autoclaved 1:1 peat vermiculite mixture with three levels of CdSO,.

Leaf Stem Root Total SR ratio
Factor Treatment -
Dry weight (g)

Control 2.36+0.24 1.01£0.15 1.60+0.07 4.97+0.28 2.11£0.23
Non-mycorrhizal 0.1 mM 2.09+0.10 1.01+0.15 1.64+0.36 4.74+0.55 1.95+0.41
0.4 mM 2.224+0.38 0.99+0.05 1.37+£0.27 4.58+0.64 2.37+0.20
Control 1.60+0.21 0.53+0.06 0.86+0.31 2.98+0.13 2.85+1.59
Ectomycorrhizal 0.1 mM 1.76+0.16 0.58+0.17 0.85+0.04 3.19+0.36 2.75+0.32
0.4 mM 1.74+0.21 0.65+£0.21 0.83+0.15 3.214+0.33 2.93+0.39

Pt sksksk sksksk skesksk sk n.s.

Pr>F Cd n.s. n.s. n.s. n.s. n.s.

PtxCd n.s. n.s. n.s. n.s. n.s.

All values are means of three replicates + SD; *** P <0.001, and n.s.= not significant.

there was a significant (P<0.05) interaction between
mycorrhizal and Cd treatments. Cd treatment did not
show a clear influence on AP activity in non-mycor-
rhizal plants, whereas AP activity in ectomycorrhizal
plants increased linearly with the increasing levels of Cd
treatment.

Table 1 shows the P content in leaves, stems and roots
of l-year-old poplar cuttings inoculated with ectomyc-
orrhizal fungus, P. tinctorius at three levels of Cd added
into the soil. Leaf and root P contents were significantly
affected by inoculation with P. tinctorius and Cd treat-
ments. Moreover, there was a significant interaction
between mycorrrhizal inoculation and Cd treatments on
leaf P content. On the other hand, stem P content was
not affected by any of the treatments. Leaf and stem P
contents of mycorrhizal plants were higher than those in
non-mycorrhizal plants (Table 1). P contents in the
leaves and stems of non-mycorrhizal plants were signif-
icantly increased with 0.1 mM Cd solution. 0.4 mM Cd
treatment significantly increased P contents in the leaves,
stem and roots of mycorrhizal plants.

Dry weights of leaves, stems and roots were signifi-
cantly different between non-mycorrhizal and ectomyc-
orrhizal plants (Table 2). Leaf, stem and root dry
weights of ectomycorrhizal plants were significantly
lower than those of non-mycorrhizal plants. There was
no effect of Cd treatments and the interaction between
mycorrhizal inoculation and Cd treatments on plant dry
weight.

Discussion

Ectomycorrhizal fungi play an important role in nutri-
ent uptake under natural conditions, suggesting that
mycorrhizal fungi might influence the uptake and accu-
mulation of these toxic ions including heavy metals. A
comparison of heavy metal concentrations in shoots of

mycorrhizal and non-mycorrhizal plants has been taken
in many studies. These studies have shown that the con-
centration in the non-mycorrhizal plants was higher than
in the mycorrhizal plants, in the needles/leaves as well
as in the stem (Colpaert and van Assche, 1993). Three
reasons were suggested to explain these results. First,
reduced concentrations in the shoots of mycorrhizal
plants could be attributed by the dilution of the metal
due to improved shoot growth (Jentschke and Godbold,
2000; Han et al., 2006). Second, in some cases, some
ectomycorrhizal fungi have been shown to restrict heavy
metal uptake and transport by binding the heavy metals
onto fungal cell walls, by sequestration in vacuoles and/
or by chelation by organic acids (Leyval et al., 1997;
Jentschke and Godbold, 2000). Lastly, toxic metals may
impair transpiration of plants by either interfering with
stomatal regulation or reducing water uptake by the root
system, or both (Barceld and Poschenrieder, 1990). In
this case, portion of the absorbed heavy metals may be
transported to the shoot via the transpiration stream,
thus, reduced transpiration may result in decreased trans-
location of metals into the shoots.

Interestingly, however, in this study, Cd concentration
in the shoot of mycorrhizal plants was higher than in the
non-mycorrhizal counterpart (Figure 1) similar to what
has been shown in our previous study (Han ef al., 2001).
In addition, many studies have reported that mycorrhiza
enhanced the uptake of Cu (Gildon and Tinker, 1983),
Zn (Davies, 1987), Ni (Killham and Firestone, 1983), Cd
(Guo et al., 1996; Joner and Leyval, 1997), Pb (Diaz et
al., 1996) and other metals (Galli et al., 1994). Mycor-
rhizal plants had higher Cd than the non-mycorrhizal
ones because the former had lower biomass than the lat-
ter (Tables 1 and 2).

Mycorrhizal fungi may alter metal sensitivity of their
hosts by either directly affecting metal availability and
speciation or indirectly modifying plant physiological
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processes, for example, by phytohormone action (Gogala,
1991; Vodnik et al., 1999; Jentschke and Godbold, 2000).
Mycorrhizal fungi might even increase the metal trans-
location into the shoots.

The above two results create a complicated situation
for the interpretation of mycorrhizal effects on shoot
contents, as transpiration- driven metal translocation may
differ between non-mycorrhizal and mycorrhizal plants
because of differences in metal intoxication (Jentschke
and Godbold, 2000).

Mycorrhizal formation was strongly suppressed by
high Cd concentration in poplar cutting (Figure 2) like
some forest tree seedlings inoculated with Suillus lutes
(Dixon, 1988; Dixon and Buschena, 1988).

Nevertheless, several ectomycorrhizal fungi can pro-
tect their host plants against toxicity of heavy metals
present at elevated concentrations in soil (Jones and
Hutchinson, 1988; Colpaert and Van Asshe, 1992). In
our study, although it wasn't significantly different, the
growth of non-mycorrhizal plants was depressed lightly
at 0.4 mM Cd treatment. On the contrary, the growth of
ectomycorrhizal plants did not show significant changes
by Cd treatment (Table 2).

Acid phosphatase activity in the leaves of ectomycor-
rhizal plant was lower than that of non-mycorrhizal
plants (Figure 3). This means that the leaves of ectomy-
corrhizal plants retained higher P concentration in com-
parison with non-mycorrhizal plants (Table 2) but this is
not true in the root of Cd-treated cuttings, except for
control cuttings.

Acid phosphatase activity in the plant increases with phos-
phorus deficiency (Reid and Bieleski, 1970; McLachlan,
1976; Besford, 1979). Besford (1979) indicated that out
of the 15 nutrient imbalances, only phosphorus defi-
ciency markedly increased acid phosphatase activity in
leaves. That work suggested that it may well be possible
to use this enzyme as an indicator of phosphorus defi-
ciency.

In another investigation comparing leaf and root phos-
phatase activities in wheat grown in nutrient solution,
McLachlan and De Marco (1982) showed that leaf phos-
phatase was not necessarily a better measure of the
phosphorus status of the growing plant than root phos-
phatase. However, as leaves are more accessible than
roots, leaf activity was suggested as a potentially useful
measure of the growing plant's phosphorus status.

In this present study, in spite of high P concentration
in the ectomycorrhizal plants, the growth was not
improved in comparison with non-mycorrhizal plants. In
fact, growth was reduced significantly in relation to the
non-mycorrhizal plants (Table 2). This plant reaction can
be considered as a series of compensation effects as a
defense mechanism against Cd toxicity which results

from high Cd accumulation in mycorrhizal plants.

Conclusion

Ectomycorrhizal plants maintained high P concentra-
tion in their tissues in comparison with non-mycorrhizal
plants under both control and Cd treatments. It was con-
sidered as the ectomycorrhizal positive effects. However,
in spite of having high P concentration, which was
accompanied by lower acid phosphatase activity, their
growth was not improved by inoculation with Pisolithus
tinctorius. Total plant dry weight was lower than the
non-mycorrhizal counterpart. The results imply that this
might be caused by the large amount of energy con-
sumption to alleviate Cd toxicity resulted from high Cd
accumulation in their tissues.
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