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Influences of excessive Cu on photosynthesis and growth in ectomycorrhizal
Pinus sylvestris seedlings
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Abstract: Growth and photosynthesis responses were measured for Scots pine( Pinus sylvestris L. cv. ) inoculated
with ectomycorrhizal fungi { Suiflus bovinus) under 6.5 and 25 mg/L Cu treatments to evaluate ectomycorrhizal
seedlings’ tolerance to heavy metal stress . Results showed that excessive Cu can significantly impair the growth and
photosynthesis of pine seedlings, but such impairment is much smaller to the ectomycorrhizal seedlings. Under 25
mg/L Cu treatment, the dry weight of ectomycorrhizal seedlings is 25 % lower than the control in contrary to 53% of
the non-mycorrhizal seedlings, and the fresh weight of ectomycorrhizal roots was significantly higher than those of
non-mycorrhizal roots, about 25% and 42% higher at 6.5 and 25 mg/L Cu treatments respectively. Furthermore,
ectomycorrhizal fungi induced remarkable difference in the growth rate and pigment content of seedlings under
excessive Cu stress. At 25 mg/L Cu, the contents of total chlorophyll, chlorophyll-a and chlorophyll-b were 30 %
higher in ectomycorrhizal plants than those in non-mycorrhizal plants. O, evolution and electron transport of PSI and
PSII were restrained by elevated Cu stress. However, no significant improvement was observed in reducing the

physiological restraining in ectomycorrhizal seediings over the non-mycorrhizal ones.
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Introduction

It is well known that infection by mycorrhizal fungi can
increase the tolerance of host plants to Cu( Bradley, 1982;
Jones, 1986; Hartley, 1999; Karagiannidis, 2002), while
the mechanism by which the fungi confer tolerance to the host
plants is unclear. Tower concentration of Cu in stems and
leaves, and higher amounts of the respeclive metals in roots
were observed in tolerant ectomycorrhizal pine seedlings
{ Weissenhom, 1995; Karagiannidis, 2002) . This led tw the
hypothesis that the mycobiont may bind the metal to reduce
the amount available for (ranslocation to the shoots.
However, not all fungi are equally effective in protecting the
hosts. Furthermore, the relative tolerance of the fungus under
axenic cullure may not reflect iis ability to enhance the
tolerance of the phytobiont. Thus, there is a need to examine
the relationship between mycorrhizal infection and the
physiological aspects of metal toxicity in greater detail.

Copper, as an essential nutrient element for plants, is a
component of various proteins and involved in photosynthetic
and respitatory processes{ Wilkins, 1985), but excessive Cu
in environment is severe phytotoxic. While the overall
inhibitory effects of Cu have long been recognized, and the
specific physiological mechanisms through which it affects
plants are poorly understood { Kabata-Pendias, 1985). Some
studies have indicated that excessive Cu may alier membrane
permeability, chromatin structure, protein synthesis, enzyme

activities, photosynthetic and respiratory processes, and even
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activate senescence ( Sandmann, 1980; Van Assche, 1990:
Fernandes, 1991 ). Thus exposure to Cu affects several
essential melabolic processes in plants.

The objective of this study was to further investigate the
methods hy which mycorrhizal fungl alter Cu tolerance in
pine. To facilitate this, an ectomycorrhizal fungus sirain
Suillus bowvinus was chosen to associate with Scots pine
seedlings{ Pinus sylvestris ), and two aspects of the effects of
the fungi on Cu toxicity were compared: their effects on
seedling growth and their effect on major physielogical

pl’OCESS&S.
1 Materials and methods

1.1 Growth condition
1.1.1 Inoculums cultivation

Suillus bovinus mycelia were suspended in nutrition
solution after Kottke et af . { Kottke, 1987) that contained in
culture tubes(length 45 cm, $ 4 cm, previeusly sterilized for
4 h at 1607C) with gas inlet at the bottomn. For an ample
supply with oxygen for heterotrophic growth and to prevent the
hyphae from sellling down, the suspensions were continuously
aerated with compressed air, purified by a passage through
colton filters. Cultivations incubated in water at 25°C in the
dark for 7 d. Then mycelia were harvested by filtering the
suspension through a tea sieve. The separated mycelium was
suspended in glucose-free nutrition solution and broken into
smaller pieces by 3 min of gentle homogenization in a mixer.

The resulting suspension used as the inoculums.
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1.1.2  Seedlings cultivation

Seeds of Scots pine were sterilized by shaking in 30%
H,0, for 10 min and placed on wet filter papers in Petri
dishes, and then kept in a growth chamber{ light intensity
160 pmol/{m® * s); 13 h light at 25°C and 11 h dark at
18C; 55% relative humidity ). After one week when the
primary roots were just visible, the seeds were transferred to
GmbH & Co,
Dortmund, Germany) soaked with diluted nutrition solution
(10% full nutrition solution after Kottke et af. ( Kottke,
1987) ) and kept in the growth chamber for 4 weeks before

Perlite (Agriper}, Perlite-Dammstoffe

they are treated for experiment,
1.1.3

4 weeks old Scots pine seedlings were moved out from

Inoculation

the substrates carefully and the bare roots of seedlings were
dipped into the above-described suspension of  Swillus
bovinus . Therealler, the plants were transplanted into freshly
prepared Perlite at a density of 25 seedlings per 0.1 m’.
When the seedlings had 35—45 needles and a well-developed
root system with mycorrhiza on about 10%—20% ol the
short roots( Six weeks after application of Suillus )}, they were
treated with different concenlrations of excessive copper.
1.2 Treatment

According to the previous experiment { Huang, 2001),
copper was added as CuSO, « 5H,0 to diluted nutrient io
obtain 6.5 mg/l. and 25 mg/L copper excessive nutrient
solution before autoclaved. Afterward, the solution was used
for watering the mycorthizal and non-mycorrhizal plants.

Control was watered by diluted nutrient solution. Four weeks

later the seedlings were harvested for measurement and

analysis .
1.3 Measurement
1.3.1 Biomass

After carefully removed from the substrates, the
seedlings were washed with distilled water and either as a
whole or separated into roots and shoots dried at 105°C for 1
h, then 80°C for other 10 h. They then were cooled in
desiccators for 5 h and weighed on a semimicro-balance
{Sartorius, Analytic AC 120s, Gottingen, Germany) .
1.3.2 Pigments

(0.25 g fresh leaves were thoroughly smashed in a mortar
with 80% acetone (v/v) and kept in dark for 15 min for
pigment extraction. Centrifugation at 5000 g for 10 min
vielded a light to dark green supernatant. The sediment was
washed with 80% acetone and centrifuged at 5000 g for 3
times and lasting 10 min each. The resulting supernatants
were collected and filled up to 25 ml with 80% acetone. The
extraction  was amounts of total
chlorophyll-a,  chlorophyll-h  and ™ total
calculated Lichtenthaler
{Lichtenthaler, 1987). To transform extracted chlorophylls
inte pheophytines one drop of 30% HCl was added to the

measured and  he
chlorophylls,

carotenoids were follow

above acetone extract .

1.3.3 Photosynthesis

Release of oxygen per minute was taken as a measure for
photosynthesis rate with the Warburg technique { Umbreit,
1972 ). Two seedlings were placed in a Warburg vessel
containing 0.1 mol/L. Na, CO,/NaHCO,-buffer at pH 9.0
librated in 25°C water bhath. Buffer in the bottom of the
vessel supplied CO, .

Photosynthetic  electron  transport  was  measured
polarographically with isolated chloroplasts prepared after
modified Walker, Oku and Tomita { Walker, 1971; Oku,
1976) . Needles of 5 g fresh weights were ground in a mortar
with 40—30 ml grinding medium in a Moulinex mixer for 30
s in dark. The resulting homogenate was fittered through 8
layers of gauze and the filtrate centrifuged at 2000 g
( Lahofuge 111, Heraeus GmbH, Hamburg, Germany) for 10
min. The sediment was suspended in 40 ml washing medium,
centrifuged at 500 g for 5 min and the chloroplasls located in
the supernatant spun down at 2000 g for 5 min, The
sediment-unbroken-chloroplasts were finally suspended in 1.0
ml slorage medium and used for the experiments. The whole
procedure was performed at 47 .

Photosynthetic electron transpori capacity of photosystem 1
{PS 1) was determined after Han-Bho { Han-Rho, 1994) and
Messdaghi ( Messdaghi, 1995). Measurement of photosystem II
(P8 II) was according to Specht{Specht, 1987), Han-Rho(Han-
Rho, 1994) and Messdaghi(Messdaghi, 1995) using a Clark-
type electrode( Rank Brothers, Bottisham, Cambridge, England)
(Kowallik, 1967). Measurements were performed at 25°C .

To break the chloroplasts, 1.5 ml of medium A ( Han-
Rho, 1994; Messdaghi, 1995} was added to 0.1 ml
chloroplast suspension and filled in the electrode chamber.
After 1 min, 0.5 mil of medium B{Specht, 1987; Han-Rho,
1994; Messdaghi, 1995} were added te this mixture and
oxygen exchange was followed for 6 min in darkness and
subsequently for 6 min in white light of 797 prmol/ (m’ =) .
1.3.4 Respiration

Consumption of oxygen was laken as a measure for
respiration. Il was determined manometrically with the
Warburg technique. Two seedlings were placed in 0.1 mol/L
phosphate buffer at pH 6.0 librated in 257 water bath. CO,
release was absorbed by KOH. For details see Umbreit et af .
{(Umbreit, 1972}.

1.4 Data analysis

Data were statistically analyzed using a one-way analysis
of variance{ ANVOVA), and when differences observed were
significant, means were compared by the multiple range t-

test at level of significance of 0.05( Mirocsoft Excel) .

2 Results

2.1 Growth analysis
Alter 4 weeks exposure. to excessive copper, significant
reductions of fresh weight were observed from 10 weeks old

non-mycorthizal seedlings, while no indication of impairing
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influences by Cu’® on ectomycorrhizal seedlings under both
6.5 and 25 mg/L Cu’’ treatments. As shown in Fig.la, the
non-mycorrhizal seedlings lost 409 to 50% fresh weight.
Comparing to the control, dry weight of hoth non-
mycorrhizal and mycorrhizal seedlings were  significant
decreased under the two Cu-applications. The fresh weighl of
mycorrhizal seedlings was 25% and 429% higher than non-
mycorrhizal seedlings at 6.5 and 25 mg/L Cu ireatmenis
respectively, while no significant differences of dry weighi
were observed between ectomycorrhizal and non-mycorrhizal

seedlings .

Fresh weight, %

Fig.1 Influence of Cu on growth of Pinus svivestris seedlings with/without
association of ectomycorrhizal fungus Suillus bovines
a: fresh weight; b: dry weight{r = 6); C: control; M: mycorrhizal

seedlings; NM: non-mycorrhizal seedlings

To understand the different responses of under-ground
and aboveground components of plants to Cu stress, growth of
roots and shoots was analyzed separately and the normalized
resulis are presented in Fig. 2. The measuremenis showed
that the reduction of both fresh and dry weights of seedlings
under excessive Cu was mainly due to decreased root weights.
The fresh weight of Cu treated non-mycorrhizal shoots was
only 2% —7% lower than the control, and the dry-weight
was even higher at 6.5 mg/L Cu-application than that of the
control, while the fresh weight and dry-weight of roots under
Cu stress significantly decreased to 30%—50% of the
control (Fig.2) . Fresh and dry weights of mycorrhizal shoots,
stmilar to nen-mycorrhizal shoots, had no significant decrease
under Cu-stress compared lo the conirel ( Fig. 2b, 2d).
However, compared with the non-mycorrhizal roots, the
mycorrhizal roots increased by 17% —20% in dry weight,
100% in
accumulation of mycorrhizal roots was significant higher( Fig.
2a, 2b). With the evidence that the fresh weights of the

mycorrhizal roots gave no indications of impairing influence

and even by fresh  weight. The biomass

by excessive Cu, it led to a conclusion that a remarkable
protective effect of the ectomycorrhizal fungi exists in

ectomycorrhizal seedlings .
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Fig.2 Comparison of biomass accumulation of Cu-treated mycorrhizal{ } and non-mycorrhizal (1) seedlings of Pinus sylvestris

a:raot fresh weight; b: shoot fresh weight; ¢: root dry weight; d: shoot dry weight{» = 6; data were normalized with centrol}; "

from control at p < 0.05

2.2 Pigments

In non-mycorrhizal needles, the chlorophyll content had
dropped significantly to about 70% of the control, but no
significant difference was chserved hetween both given Cu
concentrations. The decrease was more pronounced in
chlorophyll-a (25% to 35% ) than in chlorophyll-b ( about
12% }, so chlorophyll-a/chlorophyll-b-ratios changed slightly
from 2.7/L to 2.6/L and 2.3/L, respectively, The amounts
of carotenoids were not significantly altered. The chlorophyll/

carotenoid-ratio, therefore, was only about 4/L instead of 5/L

denates significantly differemt

in the control { Table 1).

The rteddish-brown color of the needles which clearly
observed in Cu trealed seedlings’ needles depended on
anthocyanines. They could also be extracted from control
plants, but in the seedlings exposed to 6.5 or 25 mg/L Cu
treatment their amount was 2.7 and 6.4 times higher
respectively( Table 1) . :

In ectomycorrhizal seedlings, the content: of total
chlorophyll dropped down to 84% of that of the control
exposure to 6.5 mg/L and 68% under 25 mg/L Cu. This
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resulted from a decrease in chlorophyll-a( Table 1) . The ratio
of chlorophyll-a/chiorophyll-b, therefore, dropped from 3.2
to 2.5 in the Cu-treated plants. This was different from the
which

chlorophyll-b  decreased ai comparable rates under the

non-mycorthizal  plants  in chlorophyll-a  and

influence of external Cu. Compared with non-mycorrhizal
plants, content of the total chlorophyll, chlorophyll-a and
chlorophyll-b were significantly 29% , 27% and 35 % higher
respectively in  mycorrhizal plants under 25 mg/l. Cu-

freatment

Table 1 Influence of Cu on pigment contents in needles of mycorrhizal and non-mycorrizal Pinus sylvestris seedlings{n = 6 )

Control, pg/egDW

Cu treated (6.5 mg/L) . pg/ghDW

Cu treated{ 25 mg/].) g/l

Pigments Non mycorrhiza Mycorrhiza Non myenrrhiza Mycorthiza Non mycorrhiza Myeorrhiza

Chlorophylls 1.750.09 1.89+0.06 ‘1.20£0.05 "1.29+0.03 "1.22£0.05 1.58 £ 0.04%
Chlorophyll-a 1.28 + 0.06 .44 +0.06 “0.84 £ 0.04 "0.92+0.02 .88+ 0.02 1.120.03°
Chlorophyll-b 0.47 +0.024 0.45 0,010 .36 £0.02 0.37 + 0,006 (.34 +£0.01 0.46 £ 0,006 "
Pheophytine 0.24+0.01 0.25£0.01 0.29+0.015 0.28+ 0.0t 0.14 £ 0.007 0.30+0.02"
Carolenoids 0.35+0.011 0.40 2 6.004 0.31 £0.016 0.34+0.010 0.33+0.01 (.38 = 0.004

Notes: “denotes significantly different from control at p < 0.05; *denotes significantly different between mycorrhizal and non-mycorrhizal treatment

Although no statistically significant variations were
observed in total carolenoids contents among all treatments
and control, the mean carolenoids content of mycorrhizal
scedlings was 5% —15%
seedlings .

2.3 Photosynthesis
2.3.1 Photosynthesis rate

As expected [rom the lower chlorophyll content of the

higher than non-mycorrhizal

Cu-treated non-mycorrhizal seedlings, the photosynthetic
oxygen production per unit fresh weight was lower than that of
the control. It dropped down to about 60% al application of
6.5 mg/L. Cu and only about 40% under the influence of 25
mg/L. Cu. This impairment of photosynthesis did not only
depend on the reduced amount of chlorophylls, but also the
decreased efficiency of ehlorophylls at high Cu stress{25 mg/

L), at about 44 % of that of the control plants( Table 2} .

Table 2 Influence of excessive Cu on true photosynthetic oxygen production in mycorrhizal and non-mycorvizal Pinus sylvestris seedlings{n = 6 )

Control Cu trealed (6.5 mg/L) Cu treated (25 mg/L}
Non mycorrhiza Myeorrhiza Non mycorrhiza Mycorrhiza Non mycorrhiza Mycorrhiza
w0y /Che mg FW) 0.87+0.01 .83+ 0,09 "0.51£0.03 "0.38£0.0] “0.36+0.012 T0.28+£0.03
10y /(h- mg Chl} 1421.0+4.26 1494.0 + 36.76 1403.8+7.2 1280.0 + 230.72 T619.8+9.31 T 640.9+72.96

Notes: * denotes significantly different from control at p < 0.05

Photosynthetic ratio of mycorrhizal plants showed the
same impairment by excessive Cu. The O,-production per
total chlorophylls was decreased to 86% at 6.5 and only
43% at 25 mg/L. Cu. There was no significant difference of
photosynthetic oxygen production rate between mycorrhizal
and non-mycorrhizal seedlings. This corresponded with the
data of accumulated biomass of mycorthizal and  non-
mycorrhizal seedlings under excessive Cu stress(Fig.1).
2.3.2  Activity of PS T and PS II

To narrow down the point of action of the extraneous Cu,
the capacities of the two photo-systems were examined
separately. Photo-system [ activity was measured by oxygen

consumption  deriving from re-oxidation of methylviologen

12 1.03 a

1ok 093

0.8 -
06
04
0.2 -

PS I relative O production

0

6.5
Cu, mg/L

previously reduced by electrons from photo-system I in the light .

Both photo-systems exhibited lower activities in isolated
chloroplasts from the Cu-treated than control seedlings with or
without mycorrhiza, except mycorrhizal seedlings at 6.5 mg/L
Cu that had a slightly higher activity than control . However,
photo-system 1T was much more impaired than photo-system
I. While non-mycorthizal seedlings were not significantly
affected at 6.5 mg/L Cu and still reached 809% of the control
at 25 mg/L, photo-system Il-activity was about 65% of the
control al 6.5 mg/L and only 40% at 25 mg/L. Cu (Fig.3).
Whether inhibition of photosynthesis in presence of excessive
Cu was additionally caused by negative effects on enzymes of
the Calvin cycle shall be tested further.

1.2
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Fig.3 Normalized activities of photosymhetic systems{P3) T and [l of mycorrhizal( B ) and non-mycorthizal ([ ) seedlings under different Cu concerntrations

a: PS I; b P8I (o = 65 data were normalized with contrel; * denotes significantly different from. control at p < 0.05)
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The mycorrhizal seedlings showed almost the same
results and there is no significant difference in aclivity of
photo systems between mycorrhizal and non-mycorrhizal
seedlings under excessive Cu stress. Therefore, no protective
effect of the fungi on photosynthesis of the seedlings was
detected .

2.3.3 Respiration

Determined by O,-uptake in the dark, respiration of Cu

treated non-mycorrhizal seedlings was more than two times

higher at exposure to 6.5 mg/L and about 15% higher at 25

mg/L Cu. The increase at 6.5 mg/L might generally be
considered as a response to physiological stress situalions.
Considering this for the plants at 25 mg/L Cu-trealment, their
lower 0,-uptake would indicate some other not identified
damages ( Table 3 ). Respiration of mycorrhizal seedlings
showed the same response to Cu siress as non-mycorrhizal
seedlings. lts respiration of Cu treated seedlings was 70%
higher at 6.5 g/ml and 10% at 25 mg/I. Cu than that of the
control plants(Table 3) .

Table 3 Influence of excessive Cu on respiratory O,-uptake of mycorrhizal and non-mycorrhizal seedlings of Pinus sylvestris (n = 6)

Control Cu treated(6.5 mg.’L) Cu treated(25 mg/L}
Pigments Non mycorrhiza Mycorrhiza Non mycarrhiza Myeorrhiza Non mycorrhiza Mycorthiza
10,/ (h-mg FW) 0.12+0.01 0.15+0.03 0.17+0.01 0.14+0.01 0.14£0.0] 0.12+0.01
w0,/ (h- mg Chl) 200.61 £ 8.2 264.68 +45.91 456,15+ 17.7 450.40 + 43.37 232.81z10.4 292.95 £ 34.55

The ectomycorrhizal seedlings’ respiratory O,-uptake
under high Cu-concentration was largely identical with that of
non-mycotrhizal seedlings{ Table 3) . However, at the low Cu
concentration(6.5 mg/L), the respiratory (,-uptake rate of
mycorrhizal seedlings was significantly 33% lower than that
of non-mycorrhizal plants. Given the above result was derived
from the reactions of seedlings and attached hyphae, it did
not allow conclusion on specific mutual influences of the

partners .
3 Discussion

Excessive Cu can significantly reduce the accumulation
of biomass of seedlings, and under-ground components { root
system) are much more sensitive to heavy Cu stress(Fig.1).
This inhibiting effect of Cu on biomass accumulation in roots
was observed in both mycorrzhial and non-mycorrhizal
seedlings . However, the {resh weight of mycorrhizal roots was
significant higher than that of non-mycorrhizal roots, showing
improved ability of mycorrhizal seedlings to keep water in
roots. This result also matches with Jones and Hutchinson’ s
research result illustrating that Cu is one of the heavy metals
that can easily be accumulated in roots { Jones, 1988), and
lead to inhibition of root development through disturhing
metabolisms of roots.

The increased water content in plants may lead to a
lower concentration of heavy metal ions in cell and alleviate
the photoxicity from metal ions. Therefore, keeping high
waler content in roots to dilule toxic ions in cell might be one
of the ways in which mycorrhiza protect the host plant against
excessive Cu  stress. Furthermore, ectomycorrhizal root
system is composed of mantle and bare roots. Mantle is a welt
of loose mycelium over the surface of short roots. There are
greal amount of slim and air filled in the interspaces of
mycelia( Jackson, 1984) that may also conlribute to a higher
fresh weight of mycorrhizal roots. According to Denny and
Ridge’s research on Zn, slim of ectomycorrhizal fungi could

chelate with excessive heavy metal ions that might decrease

ions bioavailability and phytoxicity of its host plant ( Denny,
1995). The higher tolerance of mycorrhizal seedlings to
excessive Cu may cause by exudates of mycelia and
mycorrhizal roots that chelate free Cu  and  reduce
bioavailability of Cu. Further research need to be done on
relationship between exudates of mycorrhizal plant and its
tolerance to excessive heavy metals.

Increases of respiration (), consumption were measured
in both mycorrhizal and non-mycorrhizal seedlings exposed to
Cu treatments compared 1o the control. Plants’ respiration
has iwo components, growth respiration and maintenance
respiration { Amthar, 1984 ). Physiological adaptations to
harsh environments can increase the need for maintenance
respiration, and thus the overall respiration rates would be
expected to increase. Jones and Hutchinson’s research on Ni
toxicity also obtained similar result ( Jones, 1988 ). In
comparison to non-mycorthizal seedlings, mycorrhizal
seedlings had a significantly lower respiration rate, indicating
thalt mycorrhizal fungi might provide help to host plants and
reduce the maintenance respiration. In this experiment, a
decreasing trend of respiration (), congumplion was monitored
al a higher Cu stress. This might occur due to the severe
damage to the plants from Cu, and the physiological

processes  became very weak under extreme harsh
environmernt .

Cu is reported to change a number of physiological
processes and reduce the content of chlorophyll to induce red
leaf of seedlings(Prasad, 2001} . Similar result also observed
from this experiment, i. e. the chlorophyll content was
reduced in needles of Cu ireated mycorrhizal and non-
mycorthizal seedlings ( Table 1). As a result of low
chlorophyll content, the treated plants have lower
photosynthesis, and this result match the result of biomass
measurement described in above. This also illustrated that
excessive Cu stress in environment can cause damage to
normal physiolegical processes of plants.

The observed significant effect of Cu on chlorophylt
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content indicated that it had been taken up inlo the
“photobiotic cells. The mycorrhizal seedlings, compared to
had  much higher
chlorophyll-a, b and total chlorophyll, and this can be also

non-mycorrhizal  ones, content  of
observed from the healthier and greener look of the
mycorrhizal plants. As the loss in chlorophyll content could
be due to proxidation of chloroplast membranes mediated by
Cu ( Baszynski, 1988 ), and Cu induced damage to
photoxidative mechanisms ( Prasad, 1999; Chetiri, 1998),
mycorrhizal fungi may help the host plants to prevent the Cu
induced detrimental changes to chlorophlast structure and
functions, and alleviate the damage from excessive Cu stress.

However, there is no significant difference in activity of
P3 T and PS II between mycotthizal and non-mycorrhizal
seedlings{ Fig.2) . This result consents with Pankovica et af .
(Pankovica, 2000) and Jones and Huichinson’ s { Jones,
1988) work on Cd and Ni. They found that ectomycorrhizal
fungl increased host planits’ tolerance to heavy metals, but
nol by preventing metal-induced reductions in pholosynthesis
rates or by affecting shoot respiration rates. The incompatible
resull between growth rate and chlorophyll content can due to
copper inhibits the process of cell division independently of
any effect on the production of new cell material { Stauber,

1987 ).

distribution in different cell of mycorrhizal plant need be

Further research on a Cu accumulation and

carried out to understand if ectomycorrhizal can prevent the

Cu to transport into shoots cell of plant.

References:

Amthor J S, 1984. The role of maintenance respiration in plant growth: mini
review[J]. Plant Cell and Eavironment, 7: 561—569.

Baszynski T, Tukendorf M, Ruszkowska M et al., 1988. Characteristics of the
photosynthesic apparatus of copper non-tolerant spinach exposed to excess
copper[J]. J Plant Physial, 132: 708—713. i

Bradley R, Burt A J, Read D J, 1982. The bhiology of mycorrhiza in the
Ricacacea VIII, the role of mycorthizal infection in heavy metal resistance
[J]. New Phytol , 91: 197—209.

Chettri M K, Cook C M, Vardaka E et af., 1998, The effect of Cu, Zn and Pb
on the chlorophyll content of the lichens Cladonia convolute and Cladonia
rangiformis[ J]. Environment and Experimental Botany, 39: 1—10.

Denny H J. Ridge I, 1995. Fungal slime and its rele in the mycorrhizal
amelioration of zinc toxicity to higher plants| J]. New Phytol, 130; 252—
257.

Fernandes ] C, Henriques F' S, 1991. Biochemical, physiological, and structural
effects of excess copper in plamsi J]. Bot Rev, 57: 246—273.

Hartley J, Caitney ] W G, Freestone P et al., 1999. The effects of multiple
metal contamination on ectomycorrhizal Scots pine( Pinus sylvestris } seedlings
[J]. Environmental Pollution, 106: 413—424.

Ham-Rhe M S, 1994. die Anpassungen des photosyntheseapparates von chlorella
kessleri an intensity und wellenlunge des lichis M| . Dissertation, Bielefeld,

Huang Y, Tao S, 2001. Excessive Cu and Zn affecting on distribution of the
metals and activities of glycolytic and nitrogen incorporating key enzymes in
mycelia of ectornyeorrhizal fungi Suillus bovines[ ]]. J Envir Sei, 13(3):
337—341.

Jackson B M, Mason P A, 1984, Mycorrhiza[ M]. Edward Amold Pty 1ad. 7—
9.

Jones M D, Hulchingon T €, 1988. Nickel toxicity in mycorrhizal birch seedlings
infected with Lacterius rufis or Selerodertna flavidum 1. Effects on growth,
photosynthesis, respiration and transportationi]:. New Phyto, 108: 431~
459.

Jones M D, Hutchinson T C, 1986. The effect of mycorrhizal infection on the
response of Betula papyrifera 1o nickel and copper[3]. New Phytol, 102:
429—442.

Kabata-Pendias A, Pendias H. 1985. Trace elements in soils and plﬂnls[ M].
Boca Raton, Florida: CRC Press.

Karagiannidis N. Bletsos F, Stavropoulos N. 2002. FEffect of verticillium wilt
{ Verticillium dahlize Kleb.) and my(:nrrhiza( Glomus mosseae ) on root
colonization, growth and nutrient uptake in tomato and eggplant seedlings
[I]. Scientia Horticulturae, 94: 145—156.

Kottke I, Guttenberger M, Hammpp R et al., 1987. An in vitro method for
establishing mycorrhizae on coniferous tree seedlings[]]. Trees, 1: 191—
194,

Kawallik W, 1967. Actionspectrum for an enhancement of endogenous respiration
by light in Chlorella[ J]. Plant Physiol, 42; 672—676.

Lichtenthaler H K, 1987. Chlorophylls and carotenoids: pigments of
photosynthetic hiomembranes [ M]. In: Methods in enzymology. Vol. 148,
London New York: Academic Press.

Messdaghi D, 1995, Isolierung photosynthetisch aktiver chloroplasten aus pisum
sativum, einfluese von farblicht[ 4] . Diplomarhbeit: University Biclefeld.

Oku T, Tomita G, 1976. Photoactivation of oxygen-evolving system in dark-grown
spruce seedlings[J]. Physiol Plant, 38: 181—185.

Pankovica D, Plesnici M A R, Arsenijevica-Maksimovica 1 et af ., 2000. Effects
of nitrogen nutrition on photosynthesis in Cd-treated sunflower plants [ J ;.
Annals of Botany, 86: 841-847.

Prasad M N V, Strzalka K, 1999. Impact of heavy metals on photosynthesis[ M|
In: Heavy metal stress in plants-from moleculest to ecosystems{M. N. V.
Prasad, J. Hagemeyer ed. ). Berlin: Springer. 117—138.

Prasad M N V, 200F. Physiologhical responses of Lemna trisulen L. { duckweed }
o cadmium and eopper bioaceumulation[J]. Plant Science, 161; 881—
R89.

Sandmann G, Boger P, 1980. Copper-mediated lipid peroxidation processes in
photosynthetic membranes[J]. Plant Physicl, 66: 797—800,

Specht § S, Pistorius E K, Schmid G H, 1987, Comparison of photosystem IT
complexes isolated from tabacco and two chlorophyll deficient tabacco mutants
). Photosynth Res, 13 47—36.

Stauber | L, Florence T M, 1987. Mechanism of toxicity of ionic copper and
copper complexes to algae[]] . Mar Biol, 94; 511—519.

Umbreit W W, Burris R H, Stauffer J F, 1972. Manometric & biochemical
techniques( M]. Burgess Publishing Company.

Van Assche F, Clijsters H. 1990. Effects of metals on enzyme activity in plants
[I1. Piant Cell Environ, 13: 195—206.

Walker D A, 1971. (']hlorop]asts(and grana): aqueous{ including high carhon
fixation ability ) [M]. In; Methods in enzymnlogy(San Pietro, A. ed.).
Vol. 23, New York: Acad Press. 211—221.

Weissenhorn 1, Mench M, Leyval C, 1995, Bioawvailability of heavy metals and
atbuscular mycorrhiza in a sewage-sludge-amended sandy soil [ 1], Seil
Biology & Biochemisiry, 27{ lssue: 3, March, 1995);: 287—296.

Wicckowski 5, Waloszek A, 1993. Chloroplast pigment photobleaching and its
effect on low-temperature fluorescence spectra of chlorophyll in greening
cucumber colyledqns[]]. Photogynthetica, 29: 509—520.

Wilkins M B, 1985. Advanced plant physiology Tendon| M|, Marshfield, Mass:

Pitman .

{ Received for review April 14, 2003, Accepted May 27, 2003)



