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Abstract Zn uptake by maize plants may be affected by
the presence of arbuscular mycorrhizal fungi (AMF).
Collembola often play an important controlling role in
the inter-relationship between AMF and host plants.
The objective of this experiment was to examine whether
the presence of Collembola at different densities (0.4 and
1 individuals g~' dry soil) and their activity have any
effect on Zn uptake by maize through the plant-AMF
system. The presence of the AMF (Glomus intraradices)
and of the Collembola species Folsomia candida was
studied in a laboratory microcosm experiment, applying
a Zn exposure level of 250 mg kg~ ' dry soil. Biomass
and water content of the plants were no different when
only AMF or when both AMF and Collembola were
present. In the presence of AMF the Zn content of the
plant shoots and roots was significantly higher than
without AMF. This effect was reduced by Collembola at
both low and high density. High densities of Collembola
reduced the extent of AMF colonization of the plant
roots and hyphal length in the soil, but low densities had
no effect on either. The results of this experiment reveal
that the F. candida—G. intraradices interaction affects Zn
uptake by maize, but the mechanisms are still unknown.
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Introduction

According to some estimates, 80-90% of all continental
plants live in a symbiotic relationship with arbuscular
mycorrhizal fungi (AMF) (Malloch et al. 1980; Jakucs
1999). AMF can facilitate water and P uptake by plants,
especially in stress situations (Bethlenfalvay et al. 1988;
Posta and Fiileky 1997, 2000). The effect of the AMF on
heavy metal uptake by plants from polluted soils is not
clear. AMF may protect plants from heavy metal tox-
icity, because plants take up less heavy metal from the
soil in the presence of AMF (Zhu et al. 2001). In these
circumstances the heavy metals remain in the root zone
without translocation to the shoot. Heavy metals can,
however, accumulate in larger quantities in the roots and
shoots of plants with AMF (Jansa et al. 2003; Oudeh
et al. 2002), although results cannot be generalized, be-
cause the circumstances of the experiments described
above (host plant and AM fungi species, heavy metal,
applied concentration, circumstances of plant growth,
etc.) were different. Many species of Collembola graze
on AM fungi (Larsen and Jakobsen 1996) and different
Collembola species have a preference for different AMF
species (Moore et al. 1985). Other authors stress the role
of saprophytic fungi because evidence shows that Col-
lembola prefer conidial fungi over AMF (Klironomos
and Kendrick 1996).

Several studies report that because of AMF con-
sumption by Collembola, mycorrhizal colonization de-
creases; this has a negative effect on nutrient uptake,
plant growth, and production (Warnock et al. 1982;
Finlay 1985; McGonigle 1995; Hodge 2000). In fact, this
effect depends on Collembola densities. Collembola at
an optimum density may stimulate AMF growth and
development by consuming it (Bakonyi et al. 2002;
Gange and Ayres 1999). The mineralized N and P found
in animal faeces can be taken up again by the AMF and
the plants (Gange 2000). It has also been shown that
although the AMF spores are too large to pass the
Collembola’s gut intact, the presence of Collembola



helps the AMF colonize the plant (Klironomos and
Moutoglis 1999). The dispersal mechanism of AMF by
Collembola is still unknown. It is not clear whether the
hyphae, the spores, or another form of the AMF play a
role in the dispersal. The presence of Collembola may
have different effects on the growth of the AM and on
the functioning of the symbiotic relationship. In this
study three questions were addressed:

1 does Collembola density have any effect on growth
and development of the AM-fungus Glomus intrara-
dices;

2 is Folsomia candida able to affect Zn uptake of maize
through the AMF from a Zn-polluted soil; and

3 does Collembola density have any effect on Zn uptake
by the plant?

Methods

Raman type brown forest soil was used in the experi-
ment. The main chemical characteristics of the soil were:
total C 1.6%, total N 0.15%, P 712 mg kgfl, K 0.29%,
Fe 0.78%, Zn 43 mg kg~ ', Mn 480 mg kg~ ', pH (H,0)
7.5, WHC 33% (w/w). The soil was collected in the
Botanical Garden of the Szent Istvan University (Go6d-
6116, Hungary), and was sterilized by autoclaving to
eliminate all indigenous organisms of the soil.

Maize (Zea mays L., variety Pioneer) was used in the
experiment. Maize seeds were surface-sterilized by
applying 30% H,O, for 10 min, and washed with sterile
distilled water. Before planting, the seeds were germi-
nated for 2 days on filter paper. Subsequently, the
seedlings were planted in 10 cmx14 cmx6 cm (Lxhxw)
PVC boxes filled with 800 g dry sterile soil. Two seeds
were planted in each microcosm and were thinned to one
plant per microcosm after emergence. Plants were grown
in a greenhouse for 8 weeks. Plants were watered with
20 mL deionized water when a decrease in their turgor
pressure was observed.

A mycorrhizal inoculum of G. intraradices (BEG 2)
was propagated on maize and was grown in a green-
house for 7 weeks. Roots of the plants with the adhering
soil were used as an inoculum in the sterilized soil used
in the main experiment. Ten grams of inoculum con-
tained approximately 400 infective propagules and
additional rhizosphere microorganisms. Fifteen grams
of inoculum was used in each mycorrhizal treatment
whereas non-mycorrhizal plants received an equivalent
amount of sterilized soil. The inoculum was mixed
thoroughly with the soil of the microcosms at time of
planting of the maize.

Adult Collembola (F. candida) were introduced into
the microcosms together with the maize plants and
remained in the microcosms for 8 weeks. F. candida is a
widespread species in laboratory tests. F. candida feed on
the hyphae of several Glomus species (Moore et al. 1985)
including the G. intraradices (personal observation).
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Two densities were applied—0.4 individual g~' dry soil
(low density) and 1 individual g~ dry soil (high den-
sity). In a previous work (Bakonyi et al. 2002),
0.4 individual g~' dry soil proved to be most stimulat-
ing and 1 individual g~' dry soil diminishing for AMF
under our experimental conditions. The number of
Collembola was calculated in the upper 5 cm layer of the
soil (300 g soil), because most individuals live here
(Larink 1997). Consequently, 300 and 120 F. candida
individuals were added for the high-density and low-
density treatments, respectively. Curry (1994) reported
5.7x10* Collembola m~? in different soils. This value is
equal to our high density. Microcosms were covered
with a close-woven net to prevent the Collembola from
escaping.

Soil was spiked with 100 mL ZnSO,4.7H,O (Merck,
GR for analysis) solution at a nominal concentration of
250 mg Zn kg~ dry soil which is the pollution thresh-
old limit value in Hungary. Treatments without Zn re-
ceived an equivalent quantity of distilled water. Zn was
added 4 weeks after planting the maize. This concen-
tration was chosen to demonstrate the effects of mod-
erate Zn pollution.

The experiment consisted of eight treatments
(Table 1). Five replicates were prepared for each treat-
ment. Microcosms with maize were destructively sam-
pled 8 weeks after planting. Roots were carefully
removed from the soil and gently washed in tap water.
Shoots were cut at the upper part of the crown. Plant
height was measured from the crown to the highest end
of the leaves. The weight of the shoots and roots was
determined after drying at 70°C for 72 h. The C and N
content of thoroughly mixed dry plant roots and shoots
were determined by use of a Carlo-Erba NA 1500 ele-
mental analyser. Zn analyses were performed on soil,
root, and shoot samples. After digestion with conc.
HNOj; the extracts were analysed for Zn with plasma
emission spectrometry using a Jobin-Yvon JY24 ICP
instrument. Microbial biomass was determined by
following the method described by Amato and Ladd

Table 1 Treatments applied in the experiment

Treatment Zn Glomus Folsomia

(250 mg kg™1) intraradices candida
density

NO — — -

N1 - + -

N2 - + Low

N3 — + High

70 + — -

Z1 + + —

72 + + Low

73 + + High

NO, control maize; NI, maize+arbuscular mycorrhizal fungi
(AMF); N2, maize+ AMF +low-density Collembola; N3, mai-
ze + AMF + high-density Collembola; Z0, maize+zinc;, ZI,
maize +zinc+ AMF; Z2, maize + zinc + AMF + low-density Col-
lembola; Z3, maize +zinc + AMF + high-density Collembola
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(1988). Subsamples of the washed roots were cut into
pieces approximately 1 cm in length. Root segments
were cleared in 10% KOH for 15 min at 90°C and wa-
shed with distilled water. Cleared samples were soaked
for 1 h in 25% HCI solution. The formation of mycor-
rhizae was quantified by measuring the arbuscular for-
mation of the AMF hyphae after staining in 0.1%
trypan blue and lactophenol. The percentage coloniza-
tion was estimated by the grid-line intersect method
(Giovanetti and Mosse 1980).

Determination of AM fungal hyphal length in the soil
was based on the methods of Baath and Séderstrom
(1979). A 1-g sample of dry soil was dispersed in 100 mL
deionized water in a blender for 1 min. Fungal hyphae
were separated by wet-sieving and centrifugation. The
separated fungal hyphae were placed in a Petri dish with
5 mL deionized water. Ten millilitres of agar solution
(0.75%) containing trypan blue (0.05%) was added to
each dish, and the mixture was then dried for 24 h at
70°C. The hyphal length was measured in the dried agar
film by the intersection method (Tennant 1975) under a
binocular microscope (16x magnification).

The method of Gerdemann and Nicholson (1963) was
used for counting the AMF spores. A soil sample of 20 g
(dry weight) was washed through a series of sieves, and
spores were captured on the 63-pm screen. Four grams
from the sievings were added to water and centrifuged
for 4 min at 900 rpm. The supernatant contained the
dead spores. The pellet was resuspended in a 50% sugar
solution and the suspension was centrifuged for 15-30 s
at 900 rpm. Spore numbers were counted in the super-
natant.

After checking the normality of the data, the variance
of the data was analysed with two-way ANOVA. Tukey

HSD was used as post-hoc test. The mycorrhizal effect
was examined with ¢-test.

Results

Collembola had significant effect (Table 2) on shoot dry
weight and the total dry weight of the plant. The plants
were larger when Collembola were present at low density
than at high density. There were no significant differ-
ences between the root dry weight and water content of
the plants. Plants infected by AMF had higher shoot dry
weight than plants without AMF, but the difference was
not significant. In tests with Zn pollution inoculated
plants had significantly higher shoot/root ratio than not
inoculated plants (Table 3).

The amount of mycorrhizal colonization was less
than 5% in the uninoculated plants (Table 3) which is in
the range of experimental error. Mycorrhizal inoculation
had a great positive effect on mycorrhizal colonization,
spore number, and hyphal length (Table 3). Both Zn
and Collembola had a great effect on AMF colonization,
spore number, and hyphal length (Table 2). High Col-
lembola densities reduced mycorrhizal colonization
compared with treatment without Collembola and with
Collembola at low density. The results for hyphal length
were similar. High Collembola densities had a negative
effect compared with treatment without Collembola and
the treatment with few Collembola. Low Collembola
densities had no effect on AMF except that it reduced
spore numbers in Zn-spiked soil. The presence of Col-
lembola at both density levels reduced AMF spore
numbers in the polluted soil. Spore number had a weak
interaction with Collembola and Zn. Added Zn in-

Table 2 Plant, mycorrhiza, and Zn data (average & SD) for different treatments with arbuscular mycorrhizal fungi (AMF) with or without

Collembola and Zn

Treatment Zn Collembola Shoot/ Shoot Total AMF Spore Hyphal Shoot Root Soil
density root dry weight dry weight colonization number length Zn Zn Zn
ratio (g plant™!) (g plant™") (%) (no. (mg soil ") (mg kg™") (mgkg™") (mgkg™")
g soil ")
NI - - 72418 3.3£0.2 38402 49.1+5.1 83+1.7 50+0.5 51=+8 100+18 3742
N2 — Low 73+1.143£05 49+05 50.8%+5.7 85+1.1 53+0.6 4944 76+17  37+1
N3 — High 74+18 28+£03 3.1+£03 294437 59+0.6 3.2+04 66+6 84+9 3542
Z1 + - 81+1.8 3.1£04 3.5+04 672+1.3 11.6+£0.7 7.0£0.3 233+£28 1,154+208 223 +68
72 + Low 82+1.533£03 38+£03 62118 48+0.7 7.5+0.6 359+91 579+43 212+10
73 + High 6.8+0.6 3.0£03 3.5+04 36.8+7.2 49+1.0 33+04 189+37 570+ 63 232+12
F value of two-way ANOVA
Zn 0.01™% .37 1.53™% 7.58* 0.06™%  14.17** 41.49%*%*  [33,60%** 88.37***
Collembola 0.07™%  3.69* 3.76* 10.42%%* 13.23%%% 30.61*** 1.55™ 8.95%* 1.72m
ZnxCollembola 0.42™%  1.74" 1.91%* 0.51™* 4.95% 3.50" 2.13% 8.06%** 1.70™
Tukey HSD (Collembola effect)
No-low n.s. n.s. n.s. n.s. >k n.s. n.s. > * n.s.
No-high n.s. n.s. n.s. > > kxE > ok n.s. > * n.s.
Low-high n.s. > * n.s. > % n.s. > kkx n.s. n.s. n.s.

Results from two-way ANOVA and the Tukey HSD post hoc comparison

n.s., not significant

*P<0.05, **P<0.01, ***P<0.001
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Table 3 Plant, mycorrhiza, and Zn data (average+SD) for different treatments without arbuscular mycorrhizal fungi (AMF) and

Collembola, with or without Zn, and results from the z-test

Treatment Zn Shoot Total Shoot/  AMF Spore Hyphal Shoot Root Soil

dry weight dry weight root colonization number length Zn Zn Zn

(g plantfl) (g plantfl) ratio (%) (no. g soil™h) (mg soilfl) (mg kgfl) (mg kgfl) (mg kgfl)
NO — 24405 3.1+£0.8 50+1.5 2.0+0.5 0.8+0.2 23+0.4 33+3 83+11 34+2
Z0 + 29+0.3 3.6+0.4 42+04 2.6+09 1.34£0.2 39+0.6 139+21 412 +51 241 +39
t-Test
NO-N1 n.s. n.s. n.s. <k < EEE < #% < * n.s. n.s.
7Z0-7Z1 n.s. n.s. <* <* < HAE < K <* < HE n.s.

n.s., not significant
*P<0.05, **P<0.01, ***P<0.001

creased both hyphal length and the amount of AMF
colonization.

Application of Zn considerably enhanced plant Zn
concentrations, both in the shoots and in the roots
(Table 2) and had a large positive effect on Zn concen-
tration in the soil. Mycorrhizal infection increased shoot
and root Zn concentrations (Table 3) but did not affect
the Zn content of the soil. Lower root Zn concentrations
were found when Collembola were present, irrespective
of density. Root Zn concentration had interaction be-
tween Collembola and Zn. Soil Zn content and shoot Zn
concentration was not affected by Collembola.

C and N concentrations of the plants were similar in
all treatments. The microbial biomass values were too
low, even zero in some treatments, therefore their fur-
ther evaluation was not possible.

Discussion

The positive effect of AMF on the growth of plants is
well documented (Bethlenfalvay et al. 1988; Bir6 et al.
2000). In the our experiment mycorrhizal infection did
not significantly increase shoot dry weight but the shoot/
root ratio was higher in plants inoculated with AMF.
This result is consistent with the data of Kaiser and
Lussenhop (1991), Posta and Fiileky (1997), and War-
nock et al. (1982), who found that plants with AMF
have a higher shoot/root ratio than plants without
AMF.

Effects of the AMF on plant Zn uptake were found to
be variable. Usually, AMF is supposed to protecting
plants against the toxic effects of Zn. In an experiment
conducted with white clover, increasing Zn concentra-
tions (0400 mg kg~ ') enhanced Zn uptake in the shoots
and roots but this increase was greater without AMF
(Zhu et al. 2001). Similar results were found in another
experiment with ryegrass in which metal concentrations
were 0, 30, 90, and 270 mg kg~ '. The presence of AMF
was correlated with higher Zn content in the root, pre-
venting Zn from penetrating the shoot, and thereby re-
duced the effects of metal toxicity (Takacs and Vords
2003). For maize, concentrations of Zn were lower in
mycorrhizal plants than in non-inoculated plants
(Weissernhorn et al. 1995).

In other experiments more Zn was taken up by plants
inoculated with AMF, both in the roots and shoots,
than without AMF. Zn concentrations were higher in
the roots than in the shoots (Jansa et al. 2003; Joner and
Leyval 2001; Oudeh et al. 2002). Our results support
these findings, because mycorrhizal inoculation in-
creased the Zn content of the roots and the shoots.
Weissernhorn et al. (1995) suggested that the effect of
AMF on metal uptake depends on the conditions of
plant growth, on the fungal partner, and on the metal.
The Zn concentration applied and the host plant species
are also important factors. This is why the results cannot
yet be generalized.

Zn contamination may reduce (Bi et al. 2003; Takacs
and Vorés 2003) or enhance (Zhu et al. 2001) AMF
colonization or have no effect (Li and Christie 2001).
Chen et al. (2001) demonstrated that the concentration
of Zn in AM fungal mycelia is approximately ten times
higher than in the host plant tissues. In our experiment,
Zn significantly increased the amount of AMF coloni-
zation, and Zn had a positive effect on hyphal length in
all treatments. In our work the high concentration of Zn
in the soil probably enhanced the hyphal production of
the AMF. In this way AMF helps to keep the Zn in the
root zone, because AMF infection enhanced Zn uptake
by the root more than by the shoot. This supports the
hypothesis that AMF can protect plants against heavy
metal intoxication.

Folsomia candida consumes the hyphae of some
Glomus species (Moore et al. 1985). According to our
data (unpublished), F. candida fed on the hyphae of G.
intraradices but did not consume the spores. The results
of this experiment suggest that Collembola also fed on
mycorrhiza. High densities of F. candida significantly
reduced the amount of AMF colonization and hyphal
length but low densities did not have any effect on these.
A significant difference was observed between the effect
of the two density levels on the extent of colonization.
Finlay (1985) obtained similar results from a study of
the efficiency of mycorrhizal infection for different den-
sities of Collembola Onychiurus ambulans. Collembola
at high density were found to reduce the length of the
external hyphae. At optimal density, however, dispersal
of the AMF inoculum and stimulation of hyphal growth
compensated for the effect of feeding. In our experiment
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hyphal length correlated with colonization rates—high
Collembola densities reduced hyphal length and low
densities did not affect it. There was a significant dif-
ference between hyphal length in the soil at different
Collembola densities. Bakonyi et al. (2002) found that
the extent of AMF colonization was highest for a den-
sity of 0.2-0.4 Sinella coeca g soil~'. Higher or lower
Collembola densities reduced the colonization rate. In
this experiment different Collembola densities also af-
fected plant biomass. In treatments applying lower
Collembola densities plants grew higher and their dry
weight was also greater.

Effects of Collembola on mycorrhizal development
and growth also have an indirect effect on Zn uptake by
the maize plants. There was an interaction between root
Zn concentration and Collembola and Zn. This means
that Collembola had a greater effect on root Zn con-
centration in the presence of Zn. At a high density the
Collembola reduced AMF colonization and hyphal
length in the soil, which resulted in a lower Zn concen-
tration in the plant roots. Low Collembola densities had
a similar negative effect on Zn concentration of the root;
this density did not, however, have any effect on AMF
colonization and hyphal length. We must therefore
emphasize the importance of Zn uptake by maize
through the root, not through the AM system. In this
experiment the difference between the Zn uptake of non-
inoculated and mycorrhizal plants was approximately
25% for unpolluted soil and approximately 65% for Zn-
spiked soil. Other authors have obtained similar results
for Zn uptake (Kothari et al. 1990). These results mean
the plants take up a large amount of Zn through the
roots. Collembola may feed on the roots of the plants
(Thimm and Larink 1995; Petersen 2002). We suppose
Collembola can affect Zn uptake not only through the
AMF system but also through the plant roots, although
the mechanism is not yet known.

We conclude that F. candida can affect the develop-
ment of AMF and this effect depends on the density of
Collembola. The presence of Collembola reduced con-
centrations of Zn in the roots of the maize plant in both
spiked and unspiked soil. Collembola densities were not,
however, important in affecting Zn uptake of plants
through the plant-AMF system. Collembola seems to
directly affect Zn uptake by maize, not only through the
AMPF-host plant system.
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