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Summary. Plant yield of mycorrhizal and non-mycor-
rhizal Festuca rubra L. was linearly decreased with in-
creasing zinc concentrations in nutrient solution. In all
cases, non-mycorrhizal plant growth was significantly
greater than that of mycorrhizal plants. Zinc and phos-
phorus concentrations of root and shoot of mycorrhizal
plants were greater in all zinc treatments while mycor-
rhizal plants showed equal or lower tolerance indices to
zinc than non-mycorrhizal plants. Yield depressions of
mycorrhizal plants may be the result of enhanced zinc
and phosphorus concentrations combined with the cost
for growth and maintenance of the mycorrhizal fungi.
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Introduction

It is well known that some of the heavy metals are es-
sential for plant growth, but when present in excess
cause phytotoxicity (Antonovics et al. 1971).

Mycorrhizal infection has been shown to increase
the uptake of phosphorus (Pairunan et al. 1980; Stri-
bley et al. 1980; Hayman 1983; Fitter 1985; Pacovksy
and Fuller 1986; Baas et al. 1989; see also reviews by
Hayman 1978; Smith 1980) as well as uptake of micro-
nutrients such as copper and zinc, which are present in
rather low concentrations in normal soils (Gilmore
1971; Lambert et al. 1979; Harley and Smith 1983; Kill-
ham and Firestone 1983; Tinker and Gildon 1983;
Dueck et al. 1986). While enhancement of nutrient ab-
sorption will be beneficial in cases of restricted nutrient
supply, it could be physiologically damaging to the host
plants when they are growing with elevated amounts of
heavy metals.

Bradley et al. (1982), Gildon and Tinker (1983),
Brown and Wilkins (1985), Dueck et al. (1986) and
Jones and Hutchinson (1986) all found that mycorrhi-
zal infection resulted in an increased heavy metal resist-
ance of host plants. In contrast, Kiltlham and Firestone

(1983) found that mycorrhizal plants contain greater
concentrations of heavy metal, resulting in growth de-
pression.

The objective of the present study was to investigate
the relationship between mycorrhizal infection and to-
lerance of Festuca rubra L. to zinc.

Materials and methods

Seeds of Festuca rubra L., kindly supplied by Dr. G. Hendry (Uni-
versity of Sheffield), were germinated in petri dishes under
growth-room conditions. A week after germination, seedlings
were transferred in trays with autoclaved sand, where half of the
seedlings were inoculated with vesicular-arbuscular mycorrhizal
(VAM) fungi. Infected roots of field plants were used as inocu-
lum. Randomly selected plants were examined 4 weeks later and
all were found to be about 20% mycorrhizal. At this stage there
were no differences in size or mass between mycorrhizal (M) and
non-mycorrhizal (NM) plants.

All plants were transferred to 7.5-cm plastic pots containing
autoclaved sand moistened with 0.1-strength Rorison nutrient so-
lution (Hewitt 1966) with and without zinc. Zinc was added as
zinc sulphate at 0, 7.5, 15 and 30 ppm zinc. There were two plants
per pot and three replicates for each level of metal concentration
in the M and NM conditions. Plants were allowed to grow in a
growth room (20-16°C, day length 16 h) and watered twice
weekly with 0.1-strength Rorison nutrient solution containing the
appropriate level of zinc (Zn). After six weeks in the growth room,
all plants were harvested, divided into roots and shoots, carefully
washed in distilled water, oven dried in 80° C, weighed, ashed at
500° C and analyzed by atomic absorption for Zn. Phosphorus (P)
was determined colorimetrically with a molybdate/antimony rea-
gent (Stainton et al. 1977).

Root samples about 2 cm in length were stained with lacto-
phenol/cotton blue (Phillips and Hayman 1970) to determine the
extent of mycorrhizal colonization. Dry masses of roots and
shoots in M and NM plants were expressed as a tolerance index
(TI): TT = 100x (growth in Zn)/(growth in control).

Results

In Fig. 1 and Table 1 are shown the growth response of
F. rubra L. to zinc concentrations and VA mycorrhizal
infection. As the zinc concentration in the nutrient so-



lution was increased, plant yield decreased linearly in
both mycorrhizal (M) and non-mycorrhizal (NM)
plants. In all cases the root and shoot growth of NM
plants were significantly greater than M plants. Confi-
dence limits 95% (95% C.L.).

Zinc concentrations in root and shoot increased
with increasing Zn concentration in nutrient solution
(Fig. 2, Table 1) but did not differ significantly in M
and NM plants. However, one can see that there was a
slight increase in zinc concentrations in both root and
shoot of mycorrhizal plants in each of the Zn concen-
trations (0, 7.5, 15 and 30 ppm) in nutrient solution.

Phosphorus content of root and shoot of M plants
after Zn treatment at 0 and 7.5 ppm was significantly
(95% C.L.) greater than that of NM plants. At higher Zn
concentrations (15 and 30 ppm) phosphorus concentra-
tions of root and shoot, although slightly higher in M
plants, did not differ markedly between M and NM
plants (Fig. 3, Table 1). Phosphorus concentration in
roots and shoots of M and NM plants was negatively
correlated with Zn concentration in nutrient solution,
as well as with Zn concentration in these tissues in all
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Fig. 1. Dry mass of root and shoot of mycorrhizal and non-my-
corrhizal plants of F. rubra L. at different zinc concentrations in
nutrient solution
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Zn treatments (Figs. 2 and 3, Table 1). Mycorrhizal in-
fection (MI) was low (Table 1).

Table 2 shows the tolerance indices at all Zn con-
centrations in nutrient solution. Mycorrhizal plants had
smaller or equal tolerance indices to non-mycorrhizal
plants.

Discussion

The reduction of biomass, as well as the increased up-
take and concentration of zinc in mycorrhizal and non-
mycorrhizal plants, with increasing concentrations of
zinc in nutrient solution are as expected (see reviews by
Baker 1987 and by Baker and Walker 1989).

The decreasing phosphorus concentration in plant
tissues with increasing zinc concentrations in nutrient
solution may be due to an interaction between P and
Zn. Ernst (1968) found that an increase in the Zn level
of nutrient solution brought about a fall in the P con-
tent and a rise in the Zn content of the shoots. Zn and P
appeared to be mutually antogonistic whenever either
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Fig. 2. Zinc concentration of root and shoot of mycorrhizal and
non-mycorrhizal plants of F. rubra L. at different zinc concentra-
tions in nutrient solution

Table 1. Dry mass, Zn and P concentration and mycorrhizal infection of F. rubra L. grown with and without mycorrhizal association at

different Zn concentrations

Zn (ppm) Myec. é\og Dry mass (mg) Zn conc (ppm) P conc (ppm)
0
Root Shoot Root Shoot Root Shoot

0 — 0 *28.1+1.6 *45.8+4.8 138 £26 101+21 *¥1629+179 *44891+267
+ 24.8 *¥21.3+14 *359+24 157+£31 107+£22 *2471+£121 *5172+304
75 - 0 *23.1+£2.5 *42.2+4.1 1015+ 131  437+36 *1373+£132  *3334+210
’ + 26.6 *17.3+1.5 *32.1+£3.2 1176 +152  469+48 *2015+312 *3982+325
15 - 0 *203+1.8 *39.2+3.0 22334367 635%85 1157 £37 2068 £ 171
+ 23.9 *14.6+1.7 *27.5+£2.6 26244301 735168 1179 £31 2197 £221
30 - 0 *13.5+£1.3 *33.3+3.7 7324481 2381+£285 954+72 1404+ 116
+ 22.7 *10.3+1.2 *24.7+£23 7715450 2492290 1001 £51 1536+ 141

Myec. indicates grown with (+) or without (—) mycorrhizal association; MI = mycorrhizal infection. An asterisk indicates results are

significantly different (confidence limits 95%) n=6
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Fig. 3. Phosphorus concentration of root and shoot of mycorrhi-
zal and non-mycorrhizal plants of F. rubra L. at different zinc
concentrations in nutrient solution

Table 2. Tolerance indices from dry mass of roots and shoots of F.
rubra L. grown with and without mycorrhizal association at dif-
ferent Zn concentrations

Zn (ppm) Myec. Tolerance index (%) of plant

Root Shoot
_ 82 9
7.5 + 81 89
- 7 85
15 + 68 77
_ 43 73
30 + 48 69

The tolerance index was calculated as 100x (growth in Zn)/
(growth in control)

element exceeded some threshold value (Boawn and
Leggett 1964; Olsen 1972).

Bradley et al. (1982), Brown and Wilkins (1985) and
Jones and Hutchinson (1986) all found that mycorrhi-
zal fungi can increase the tolerance of their host to
some heavy metals, e.g. zinc, copper and nickel. They
have explained this protective action as due to en-
hanced binding of heavy metals on the hyphal com-
plexes in the mycorrhizal roots, thus facilitating exclu-
sion of metals from the shoot and avoidance of metal
toxicity.

Dueck et al. (1986) concluded that the alleviation of
Zn toxicity by VAM-infection is brought about by some
change in the chemical speciation of Zn during its pas-
sage through the hyphae, which may reduce its toxic
effect in the host. The observed yield reduction and de-
creased tolerance indices to zinc of mycorrhizal plants,
in contrast to the above authors, may be the result of
enchanced Zn concentration in mycorrhizal plants (Gil-
more 1971; Lambert et al. 1979; Killham and Firestone
1983). High levels of P may be the cause of yield reduc-
tion (Hall et al. 1977; Webb and Loneragan 1988; Baas
et al. 1989).

Work by Pang and Paul (1980), Stribley et al. (1980)
and Paul and Kucey (1981) indicate that as much as
10% of host photosynthate translocated below ground
may be expanded in fungal growth and respiration.
Similar yield reductions following VAM-infection have
also been reported by Killham and Firestone (1983) as
the result of enchanced metal uptake.

It is concluded that the observed growth depres-
sions in M plants in comparison with NM plants may
be associated with: (a) high phosphorus levels in M
plants at least in the first two treatments (0 and 7.5 ppm
zinc); (b) the enchanced zinc concentration by mycor-
rhizal plants, and (c¢) the energy cost for growth and
maintenance of the mycorrhizal fungi.
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