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Abstract 

The influence of arbuscular mycorrhizae (AM) on plant growth and Zn and Pb uptake by Lygeum spartum and 
Anthyllis cytisoides was studied in soils with different levels of these heavy metals. A. cytisoides is highly dependent 
on AM for optimal growth, while L. spartum is a facultative mycotroph. 

Mycorrhizal and nonmycorrhizal plants were grown in soil supplemented with 0, 10, 100 and 1000 mg of 
Zn kg - l  soil or 0, 100 and 1000 mg of Pb kg -1 soil. Two different mycorrhizal fungi were separately studied: 
Glomus macrocarpum isolated from a non contaminated site and a strain of Glomus mosseae isolated from a soil 
contaminated with these metals. The infectivity of the fungi was not affected by the presence of Zn or Pb in the 
soil. In unamended soil, both fungi were equally effective in promoting plant growth, but when Zn or Pb were 
added to soils, G. mosseae was more efficient than G. macrocarpum in stimulating plant growth of A. cytisoides. 
A. cytisoides was unable to grow unless mycorrhizal. Metal addition to the soil induced a reduction in the biomass 
of L. spartum and of mycorrhizal A. cytisoides, and a decrease in shoot P concentration of mycorrhizal plants. 
The concentration of metals in the plants varied according to the amount added to the soil and to the inoculation 
treatment: at low doses, mycorrhizal plants showed equal or higher concentration of Zn or Pb than nonmycorrhizal 
ones; at higher doses, however, metal concentrations in the plants inoculated with G. mosseae were lower than 
those found in the corresponding controls, while the plants inoculated with G. macrocarpum showed similar (L. 
spartum) or even higher (A. cytisoides) levels than the controls. 

Introduction 

The interaction between arbuscular mycorrhizae (AM) 
and minerals other than P, particularly heavy metals, 
has been the subject of many recent studies because of 
the possibility of a beneficial effect of mycorrhizae in 
improving the tolerance of plants against toxicity (see 
Haselwandter et al., 1994). 

The uptake of metals by mycorrhizal plants 
depends on several factors such as the physico- 
chemical properties of the soil (Wang and Chao, 1992), 
particularly its fertility level (Lambert et al., 1979; 
Thompson, 1990), pH (EI-Kherbawy et al., 1989; Kill- 
ham and Firestone, 1983), the host plants (Griffioen 
and Ernst, 1989; Kucey and Janzen, 1987), the fun- 
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gi involved (Gildon and Tinker, 1981) and, above all, 
the concentration of the metals in the soil. Under defi- 
ciency conditions, most studies point to an increase in 
metal uptake by mycorrhizal plants. In this context, an 
increase in Zn concentration in leaves caused by AM 
in soils with trace amounts of this element has been 
observed (Faber et al., 1990; Gilmore, 1971; Kothari 
et al., 1990; Manjunath and Habte, 1988; Thompson, 
1990). When the soils contain high, potentially toxic 
amounts of heavy metals, mycorrhizal formation usu- 
ally induces lower concentrations of these metals in the 
aerial part of the plant and consequently a beneficial 
effect on plant growth, as it has been reported for Zn 
(Dehn and Sch0epp, 1989; Gildon and Tinker, 1983; 
Heggo et al., 1990; Hetrick et al., 1994; Schtlepp et al., 
1987). 



242 

Although there is abundant information on the 
effect of mycorrhizae on nutrient uptake, there are 
few studies on the uptake of non-essential metals, par- 
ticularly on the influence of Pb on the formation and 
effects of the mycorrhizal symbiosis. Killham and Fire- 
stone (1983) pointed to an increase in Pb accumula- 
tion in plants following the formation of mycorrhizae 
in acid conditions. Dfaz and Honrubia (1995) using 
indigenous fungal populations as mycorrhizal treat- 
ment, observed a decrease in foliar concentration of 
Pb in mycorrhizal A. cytisoides plants growing in Pb- 
polluted soil. Weissenhorn et al. (1995a) also reported 
a reduction in Pb content in mycorrhizal plants. 

The aims of this work were 1) the study of the 
effect of Zn and Pb on the colonization capacity of 
two species of AM fungi, one of them isolated from a 
contaminated soil, and 2) the evaluation of the influ- 
ence of the established mycorrhiza on plant growth and 
uptake of two heavy metals (Zn and Pb) by two differ- 
ent plants, a facultatively mycotrophic grass (Lygeum 
spartum L.) and a legume highly dependent on AM 
(Amthyllis cytisoides L.). These plants, indigenous to 
southern Spain, can be found naturally growing in soils 
across a gradient of Zn and Pb concentrations from 
uncontaminated to potentially toxic levels. 

Materials and methods 

The soil used in this study was collected from a pine 
forest (Pinus halepensis Miller) at Fortuna, Murcia (SE 
Spain). It had a pH (determined in KC1) of 7.3, 6 mg 
kg - l  available P (Olsen et al., 1954), 2.2% organic 
matter, 48.3% CO3Ca equivalent, 10 mg kg - l  DTPA 
extractable Zn and 0 mg kg-I DTPA extractable Pb 
(Lindsay and Norwell, 1969). The soil was sieved (4 
nun) and mixed with sand and vermiculite in a 4:2:1 
(v/v) ratio. The mixture was steam-sterilized (100 °C 
for 1 h on three consecutive days) to eliminate native 
AM propagules. The different metal contents in the 
soil were obtained by adding aqueous solutions of Zn 
sulphate, at the rates of 0, 10, 100, and 1000 mg Zn 
kg -1 soil, or Pb nitrate at 0, 100 and 1000 mg Pb 
kg-1 soil. After carefully mixing the metal solutions 
with the soil, this was allowed to stabilize for 15 days 
before using. 

The test plants were Lygeum spartum L. (Poaceae) 
and Anthyllis cytisoides L. (Leguminosae). They were 
selected because, in agreement with our observations, 
both are mycorrhizal in natural conditions and grow 
naturally in heavy metal contaminated soils (Dfaz and 

Honrubia, 1994). Seeds of L. spartum were collected 
at Espinardo, Murcia (Spain) and those ofA. cytisoides 
at the Sierra de Carrascoy, Murcia (Spain). L. spartum 
seeds were sterilized with hydrogen peroxide (10 vol) 
for 30 minutes, washed with sterile water and kept 
in inbibition for 12 hours. A. cytisoides seeds were 
scarified by a mechanical process which took off all 
the protecting covers. The seeds were sown into pots 
of 600 cm 3 (7-10 in each) and thinned to two per 
pot after germination. Two species of AM fungi were 
used as mycorrhizal inoculum: Glomus macrocarpum 
Tul. and Tul., provided by the Instituto de Investiga- 
ciones Agrobiol6gicas de Galicia, Spain, isolated from 
a non-contaminated soil, and Glomus mosseae (Nicol. 
and Gerd.) Gerdemann and Trappe, isolated from a 
sandy soil containing 258 mg kg-1 DTPA extractable 
Zn and 155 mg kg -1 DTPA extractable Pb (Dfaz and 
Honrubia, 1993). These fungi were multiplied using 
Medicago sativa as host plant and a mixture of non- 
contaminated, P-deficient soil, peat and sand (2:1:1 
v/v) as substrate, for at least 1 year. Ten g of inoculum 
consisting of rhizospheric soil with spores, infected 
roots and external hyphae was added to each pot at 
3 cm deep and mixed with the adjacent soil. A. cyti- 
soides also received a standard inoculum (2 mL/plant, 
108 c.f.u, mL -1) ofRhizobium sp. strain GRH17 from 
the Estaci6n Experimental del Zaidfn collection, grown 
at 26 °C in liquid medium (Allen, 1957). 

The plants were grown in a growth chamber fol- 
lowing a completely randomized design with a 16 h 
photoperiod, 25/20 oC day/night temperatures, 57% 
relative humidity and 420 #mol m -2 s -I  photosyn- 
thetic photon flux. Five replicates per treatment were 
established. After a growth period of 16 weeks, plants 
were harvested, and dry (70 o C, 16 h) weight of shoots 
and roots was recorded. Mycorrhizal colonization was 
assessed using the grid-line intersect method (Giovan- 
netti and Mosse, 1980) for examination of cleared and 
stained (Phillips and Hayman, 1970) root samples. 
Shoots were digested in nitric-perchloric acid mixture 
(5:3) and analyzed colourimetrically with malachite 
green reagent (Fern~indez et al., 1985) to determine P 
concentration, and by atomic absorption spectropho- 
tometry in a Perkin-Elmer l l00B instrument for Zn 
and Pb concentration. 

Data were statistically analyzed by regression anal- 
ysis. 
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Figure 1. Regression analysis of  plant growth of noninoculated ( 4 - - )  or inoculated with Glomus mosseae ( . . . . 0  ....) or Gloraus macrocarpum 
( . . . .  • . . . .  ) Lygeum spartum plants versus Zn (A) and Pb (B) addition and ofAnthyUis cytisoides plants versus Zn (C) and Pb (D) addition. 
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The two plants species used in the experiment showed 
different behaviour. 

The addition of increasing doses of Zn or Pb 
reduced logarithmically plant biomass in the nonmy- 
corrhizal L. spartum plants (Figure 1A, B). When no 
metals were added, mycorrhizal inoculation with either 
G. mosseae or G. macrocarpum did not significantly 
affect plant growth. Taking into account that plants 
were growing in a soil with a very low P content, these 
results suggest that L. spartum is a facultative myc- 
orrhizal plant, not very dependent on mycorrhizae for 
optimal growth. However, at the highest dose of Zn 
or Pb applied (1000 mg kg -1) inoculated plants were 
significantly larger than the noninoculated ones. 

A. cytisoides, on the other hand, is strongly depen- 
dent on mycorrhizae for growth, as can be deduced 
from the fact that the plant was unable to grow unless 
mycorrhizal (Figure, 1C, D). At any level of added 

Zn or Pb, mycorrhizal plants were significantly larg- 
er than the corresponding controls. The inhibition of 
plant growth of the mycorrhizal plants was logarith- 
mically related to metal addition. This inhibition was 
more pronounced with G. macrocarpum than with G. 
mosseae, as can be noted from the higher slope of the 
regression equation (Table 1). 

The root colonization by the two fungi was not 
affected by metal addition in any of the test plants. In 
the case of L spartum the percentages of mycorrhizal 
colonization by the two fungi were similar, ranging 
between 55 and 80%. In A. cytisoides, however, the 
percentages ofmycorrhizal colonization by G. mosseae 
(38-55%) were significantly lower than those of G. 
macrocarpum (67-77%). 

The regression equations, as well as correlation 
coefficients for each mycorrhizal inoculation treatment 
and metal are shown in Table 1. 

The mineral analysis of the plants showed that the 
growth improvements induced by inoculation were 
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Table 1. Regression analysis of plant growth (mg plant- l) of Lygeum spartum and Anthyllis 
cytisoides noninoculated or inoculated with Glomus mosseae or Glomus macrocarpum, versus 
Zn and Pb addition to soil 

Plant species Factor Regression Correlation 
equation coefficient (r) a 

Lygeum spartum Plant growth vs. Zn addition 
Control 446.6 - 88.9 log x -0.992 
G. mosseae 497.7 - 50.3 log x -0.957 
G. macrocarpum 412.7 -41.3 log x -0.999 

Plant growth vs. Pb addition 
Control 467.6 - 61.1 log x -0.942 
G. mosseae 477.1 - 15.6 log x -0.917 
G. macrocarpum 421.7 - 11.4 log x -0.562 

Anthyllis cytisoides Plant growth vs. Zn addition 
Control 34.8 - 4.2 log x -0.814 
G. mosseae 137.0 - 12.5 log x -0.968 
G. macrocarpum 138.7 - 24.3 log x -0.959 

Plant growth vs. Pb addition 
Control 34.2 - 1.93 log x -0.982 
G. mosseae 137.6 - 16.8 log x -0.986 
G. macrocarpum 139.9 - 27.7 log x -0.934 

a All correlations are significant at p < 0.01 level. 

accompanied with increases in P concentration in 
leaves (Figure 2). P concentration in the leaves of  myc- 
orrhizal plants was also depressed logarithmically by 

high levels of  Zn or Pb in the soil. Nevertheless, P 

uptake was much higher than in control ones, specially 

in A. cy t i so ides .  

The foliar concentrations of  Zn were directly relat- 

ed with the Zn content of  the soil and also influenced 

by mycorrhizal  inoculation (Figure 3). At  low doses of  
Zn (0 and 10 mg k g -  I) the concentration of  this metal 
in mycorrhizal  plants was slightly higher than in the 

control ones, except in the association A. cy t i soides-G.  

mosseae .  At higher doses, the effect varied according 
to the fungus involved: G. m o s s e a e  lowered Zn con- 

centration, while G. m a c r o c a r p u m  did not affect, or 
even raised this concentration in A. cyt isoides .  

Mycorrhizae formation hardly affected Pb levels 
in L. s p a r t u m  (Figure 4A) while inoculation with 
G. m o s s e a e  slightly reduced Pb concentration in the 
leaves of  A. cy t i so ides  at 1000 mg kg -1 of  added Pb 

(Figure 4B). 
The correlation coefficients for each mycorrhizal  

inoculation treatment and metal are shown in Table 2. 

Discussion 

One of the questions posed in this study is whether dif- 

ferent species of  A M  fungi can be affected differently 

by the presence of  heavy metals in the soil. The sen- 
sitivity of  AM endophytes to high amounts of  heavy 

metals, expressed as a reduction or delay of  its col- 

onizing ability has been reported previously (Gildon 
and Tinker, 1981; Heggo et al., 1990; Vidal et al., 

1996). This does not seem to be the case of  the fungi 
used in this study, which maintained similar levels of  
root colonization regardless of  the different amount of  
added Pb or Zn. This might be explained by the physic- 
ochemical  properties of  the experimental  soil (high pH 
and Ca content), which condition a high fixing capac- 
ity for metals and consequently a low availabili ty of  
them in the soil solution. In any case, L. s p a r t u m  and 
A. cy t i so ides  have been found to be mycorrhizal  when 
growing in soils containing up to 236.7 mg k g -  I DTPA 
extractable Zn and 368 mg kg - I  DTPA extractable 
Pb (Diaz and Honrubia, 1994, 1995). These findings 
are consistent with the results of  Weissenhorn et al. 
(1995b), who did not found relationship between myc- 
orrhizal colonization and metal content in soil. 
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Figure 2. Regression analysis of P shoot concentration of noninoculated (----II --) or inoculated with Glomus mosseae (....Q ....) or Glomus 
macrocarpum ( . . . .  • . . . .  ) Lygeum spartum plants versus Zn (A) and lab (B) addition and of Anthyllis cytisoides plants versus 7_a (C) and Pb 
(D) addition. 

Although it has been suggested that the effect of 
heavy metals on mycorrhizal colonization can vary 
according to the host plant (Gildon and Tinker, 1983), 
no differences have been found between both fungi 
when colonizingA, cyt isoides or L. spartum.  It is only 
worth mentioning that although the level of coloniza- 
tion obtained by G. mosseae  was lower in A. cytisoides 

than in L. spar tum,  the former obtained more benefits 
from mycorrhizal colonization than L. spartum.  A sim- 
ilar situation was described for Andropogon gerardii  
and Fes tuca  arundinaceae  growing also in Zn contam- 
inated soils (Shetty et al., 1994), what corroborates the 
lack of correlation between mycorrhizal colonization 
and effects, specially in these disturbed soils. In these 
sense, G. mosseae  has previously been shown to be 
very effective in A. cyt isoides  with low percentages 
of root colonization, particularly under adverse soil 
conditions (Dfaz et al., 1992). 

Neither the changes in growth rate nor in P nutrition 
can be explained by inhibition of root colonization. It 
seems more likely that it is the Pb and Zn level in 
the soil which somehow affects the functioning of the 
symbiosis, decreasing consequently the P uptake by 
the mycorrhizae. This can occur by interfering with the 
mechanism of P absortion from the soil, for example 
with a reduction in extramatrical hyphae, as shown for 
Cu addition (Graham et al., 1986), or by altering the 
process o fP  translocation and transfer to the host cells. 

In A. cytisoides,  a highly mycotrophic plant species, 
plant growth was almost exclusively correlated to P 
concentration in shoots (r= 0.95) and indirectly to myc- 
orrhizal colonization because non mycorrhizal plants 
were unable to take up P and to grow. Metal addition 
negatively affected phosphorus uptake by the mycor- 
rhizal plant. Zn concentration in shoots, which was 
directly related with the Zn added to the soil, negative- 
ly correlated with the shoot P content of mycorrhizal 
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Figure 3. Regression analysis of Zn shoot concentration of noninoc- 
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Figure 4. Regression analysis of Pb shoot concentration of noninoc- 
dated ( 4  - - )  or inoculated with Gloraus raosseae ( . . . .0 ....) or 
Glomus macrocarpum ( . . . .  • . . . .  ) Lygeum spartum plants (A) 
and o f  Anthyllis cytisoides (B) versus Pb addition. 

plants (r= -0.94). A negative correlation, but in a low- 
er extent was also found for Pb (r= -0.77). 

By the contrary, L. spartum did not respond to myc- 
orrhizal inoculation unless in the presence of heavy 
metals. Phosphorus did not seem to be the limiting fac- 
tor for plant growth, and no high correlation between 
P content and plant growth was found for this plant 
species. However, when Zn was added, the P/Zn ratio 
in shoots positively correlated (r= 0.84) with plant 
growth. This suggests that the extra P taken up by 
the mycorrhizae was compensating the supraoptimal 
amount of Zn in the plant and indirectly benefiting 
plant growth. The lowering in P content by Zn addi- 
tion was more pronounced in mycorrhizal plants than 
in control ones, what suggests that P uptake by myc- 
orrhizae was more sensitive to the high Zn level. 

The effectiveness of the fungi to improve plant 
growth varied according to the levels of heavy met- 

als in soil. In unamended conditions both fungi were 
equally effective, whereas at high doses of metal addi- 
tion, G. macrocarpum was less efficient in stimulating 
the growth of A. cytisoides than G. mosseae, as can 
be deduced from the slopes of the regression equations 
showed in Table 1. The two fungi used in this experi- 
ment showed higher percentages of spore germination 
in vitro conditions in the presence of increasing dos- 
es of added Pb than a G. mosseae reference strain 
(unpubl. data), what suggests a certain degree of toler- 
ance to this metal. However, the results presented here 
indicate that the fungus isolated from the contaminat- 
ed soil was more effective than G. macrocarpum in 
protecting. A. cytisoides against metal toxicity. Similar 
results were found by Gildon and Tinker (1981). These 
authors isolated from a heavy metal contaminated soil 
a tolerant endophyte that induced similar effects on 
plant growth than a collection strain, in the absence 
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Table 2. Regress ion  analys is  o f  P, Zn  and  Pb shoot  concent ra t ion  (mg 

k g  - l )  o f  Lygeum spartum and  Anthyllis cytisoides noninocula ted  or  

inocula ted  wi th  Glomus mosseae or Glomus macrocarpum, versus Zn  

and  Pb addi t ion to soil 

Plant species  Fac to r  Correlat ion 

coefficient (r) a 

Lygeum spartum P shoot  vs. Zn addi t ion 

Control  - 0.741 

G. mosseae - 0 .968 

G. macrocarpum - 0 .938 

P shoot  vs. Pb addit ion 

Control  - 0.881 

G. mosseae - 0 .998  

G. macrocarpum - 0 .765 

Zn shoot  vs. Zn addi t ion 

Control  0 .958 

G. mosseae 0.946 

G. macrocarpum 0.944 

Pb shoot  vs. Pb addi t ion 

Control  0 .925 

G. mosseae 0.936 

G. macrocarpum 0.918 

Anthyllis cytisoides P shoot  vs. Zn addit ion 

Control  - 0.301 

G. mosseae - 0 .976  

G. macrocarpum - 0 .917  

P shoot  vs. Pb addi t ion 

Control  - 0 .987  

G. mosseae - 0 .959 

G. macrocarpum - 0 .965 

Zn shoot  vs. Zn addi t ion 

Control  0 .952 

G. mosseae 0.859 

G. macrocarpum 0.889 

Pb shoot  vs. Pb addit ion 

Control  0 .937 

G. mosseae 0 .954  

G. macrocarpum 0.945 

a All corre la t ions  are signif icant  a t p  < 0.01 level. 

of heavy metals. However, when heavy metals were 
added, the growth with the tolerant endophyte was sig- 
nificantly greater, and the metal concentration in plants 
lower, than with the non-tolerant one. The isolation of 
metal-tolerant mycorrhizal fungi from polluted sites 
has been well documented (Griffioen, 1994; Leyval 
and Weisshenhorn, 1996; Weissenhorn et al., 1993). In 
other studies, however concerning the effects of myc- 
orrhizae on revegetation of heavy metal contaminated 

soils, mycorrhizal fungi adapted to the polluted sites 
did not increase plant growth in contaminated soils 
more than nonadapted fungi (Shetty et al., 1994). In 
any case, although considerable differences among the 
effects of mycobionts isolated from contaminated soils 
have been found, the amelioration of metal phytotoxi- 
city seems to be a general trend (Gadd, 1993). 

Previous studies have shown that metal uptake by 
mycorrhizal plants increases in soils with low met- 
al concentration but it can also decrease in soils with 
high levels of metals. Our results confirm this possibil- 
ity of mycorrhizal functioning on heavy metal uptake, 
but suggest that there is not a generalized pattern and 
depends, among other factors, on the AM fungal iso- 
late. In our experiments, at supra-optimal levels of met- 
als in the soil, whereas G. macrocarpum did not affect 
or even increased Zn and Pb concentration in plant 
leaves, G. mosseae tended to reduce these concentra- 
tions. Despite the mechanisms of metal protection are 
not clear, a possible retention of heavy metals by the 
fungal mycelium involving adsorption to cell walls and 
fixation by polyphosphate granules (Galli et al., 1994) 
could occur. The abundance of external mycelium pro- 
duced by the AM fungi can be important for the heavy 
metal fixing ability of the fungi, and consequently for 
their plant protecting action. Thus, differences in the 
extramatrical development of both fungi, translocation 
of mineral elements and/or in their symbiotic efficiency 
under stress conditions could justify the effects found 
in the present work. 

The main objective of this study was to check 
whether arbuscular mycorrhizae produce a beneficial 
effect on plants growing in soils contaminated with 
heavy metals, as it has been reported in some cases 
(Dehn and Schtiepp, 1989; Heggo et al., 1990; Schtiepp 
et al., 1987), or if they actually reinforce their negative 
effects (Killham and Firestone, 1983). It can be con- 
cluded that inoculation with AM fungi protects plants 
from the potential toxicity caused by Pb and Zn, but 
the degree of protection varies according to the fungus- 
plant combination. 

A. cytisoides is a species very dependent on myc- 
orrhizae to reach an optimal development in natural 
conditions (L6pez-S~inchez et al., 1992). In soils with 
supra-optimal levels of metal, G. mosseae reduced the 
negative effect of the heavy metals by decreasing its 
concentration in plant leaves and increasing P uptake. 
In contrast, G. macrocarpum increased P uptake but 
also Pb and Zn, so it does not protect the plant from 
heavy metals, although plant growth was stimulated 
probably due to the improvement of P nutrition. 
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L. spartum is less dependent on mycorrhizae and in 
natural conditions the AM produce no significant effect 
on growth in spite of the improvement of P nutrition. 
However, in stressed conditions by the addition of the 
metals, the plants benefits from a slight reduction in 
metal concentration which, together with an increase 
in P uptake, produces a significant increase in growth. 

In conclusion, it seems clear that arbuscular myc- 
orrhizae can play an important role in the restoration 
of contaminated soils, by protecting the plants from 
high levels of heavy metals and that this effect can 
be partially due to the improvement of the P status 
of the plant. The consequences of this symbiosis will 
depend, to a great extent, on the degree of ecological 
adaptation of the AM fungi involved to the presence of 
such metals. Thus, the isolation and selection of endo- 
phytes adapted to these stress conditions and the study 
of the mechanisms involved in the protecting effect, 
are important topics to be studied both from the scien- 
tific point of view and from the practical implications 
these fungi may play in the restoration of degraded 
ecosystems. 
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