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1. INTRODUCTION

A mycorrhiza is a symbiotic association betweenraytis and the roots
of a plant. Almost 80-90% of terrestrial plantseliin a symbiotic relationship
with arbuscular mycorrhizal fungi (AMF). In a mycbizal association the
fungus may colonize the roots of a host plant eithean intracellular or an
extracellular way. This mutualistic association yides the fungus with
relatively constant and direct access to mono4medc carbohydrates, such as
glucose and sucrose produced by the plant in piatiossis. The carbohydrates
are translocated from their source location (ugulahves) to the root tissues
and then to the fungal partners. Mycorrhizal mycedre much smaller in
diameter than the smallest root, and can explogreater volume of soll,
providing a larger surface area for absorption. Ab#n facilitate water and
phosphorus uptake by plants, especially in stiésat®ns.

There is an intriguing paradox in arbuscular mylwaal fungal ecology
(Gange, 2000). Although there are numerous labogratadies that have shown
a variety of benefits to plants in forming a my¢azal association, we know of
far less occasions when these benefits have also ¢eemonstrated in natural
situations (Klironomos és Kendrick, 1993). The siosls between host plant
and AM-fungi is influenced by several biotic andatic parameters. First of
all, among the biotic parameters, the soil fauna icfluence this symbiosis.
One of the important mezofaunal groups (0,1-2mm)the springtails
(Collembola). Collembola are abundant microarthdsp virtually all soils,
feeding on a range of materials, including fungicteria, lichens, decomposing
vegetation and detritus. The Collembola feed ormyifamd bacteria in the soil.
So they play an important regulatory role througkding on soil microbial
biomass, but also take part in the decompositiams@ming dead vegetation
and hyphae (Hedlung és Ohrn, 2000).

Collembola often play an important role in the ingéationship of AMF
and host plants. Collembola can influence the asédion, the mycelium size
and structure, the abundance of AMF and the nuttptake of plants through
the AMF. It has been suggested that these aniredigce the functioning of the
mycorrhiza by feeding on the hyphae and spores bfFABut several
controlled studies have shown a positive effect glant growth as a
consequence of collembolan feeding on mycorrhizee @echanism by which
Collembola might positively affect AM fungi is disgsal, but there is only one
known example from previous literature to demortstithat Collembola are
able to disperse AMF in the soil (Klironomos és Nmlis, 1999).



1.1. Objectives

1.1.1. AMF consumption by Collembola species

Do Folsomia candida andSinella coeca Collembola species feed on the spores
of Glomus mosseae and Glomus intraradices AM fungus species in laboratory
experiments?

Are there differences between the two collembolaeces in terms of AMF
consumption?

Does the spore-feeding influence the abundancparés?

1.1.2. AMF dispersal by Collembola species

Are the two Collembola species able to spread tyeomhiza in the soil?

Are there differences between the two collembolaeces in terms of AMF
dispersal?

Is there any connection between feeding and sprgadiehaviour of
Collembola species?

1.1.3. The nitrogen-uptake of maize through the gydtem in the presence of
Collembola

In this experiment the question was addressed whekiigh density of
Collembola (0.6 Collembola g sd)l may decrease the nitrogen uptake of maize
through the destruction of the AMF hyphal network?

1.1.4. Zn uptake by maize under the influence of-fAgi and Collembola
Folsomia candida

Is there any effect of two Collembola density lsveln the growth and
development of the AM-fungus. intraradices?

Is F. candida able to influence Zn uptake of maize through tiFAIn a Zn-
polluted soil?

Do Collembola densities have any effect on the giake of the plant?



2. MATERIALS AND METHODS

2.1. Materials and methods common in all the expanents

The formation of mycorrhizae was quantified by muesrsy the
arbuscular formation of the AMF hyphae after stagnin 0.1% trypan blue and
lactophenol. The percentage colonization was esttnady the grid-line
intersect method (Giovanetti and Mosse, 1980).

Determination of AM fungal hyphal length in the Iseias based on the
methods of Baath and Soderstrom (1979). The hylehath was measured in
the dried agar film with the intersection methoderfant, 1975) under a
binocular microscope (16 x magnification).

The method of Gerdemann and Nicholson (1963) wasl digr counting the
AMF spores.

Two collembola species were used in the experimestella coeca
(Schott) andFolsomia candida (Willem) (Collembola, Insecta). The animals
were obtained from the culture of Department of ldgg and Ecology, Szent
Istvan University.

The microbial biomass was measured by the methdanafto and Ladd
(1988). STATISTICA V. 5. software was used to amalthe data.

2.2. The design of the experiments

2.2.1. AMF consumption by Collembola species

The feeding of the two Collembola speciisiella coeca andFolsomia
candida, on spores of two AMF was studied in the feedingeginents. 25
adult individuals of each Collembola species wetgea to Petri-dishes in five
replicates. Spores of the following two AMF specresre placed on the agar
surface (Bacto) in the Petri-diskilomus mosseae (BEG 12) (40 spores per
dish) andGlomus intraradices (BEG 2) (25 spores per dish). Changes in the
spore numbers were recorded after two days.

2.2.2. AMF dispersal by Collembola species

In the dispersal experiment, four different treattsevere set up in five
replicates. The treatments were as follows: 1) alle@bola (negative control):
maize planting in sterile soil ar@omus mosseae in a small plastic container;
2) F. candida: maize planting in a sterile soiGlomus mosseae in a small
plastic container anB. candida freely moving in the system; 8 coeca: maize



planting in sterile soilGlomus mosseae in a small plastic container arfdl
coeca freely moving in the system; 4) infection (poséticontrol): the maize
infected withG. mosseae.

The experimental pot (¥8x5 cm) contained sterile soil placed between the
maize seedlings and the container with AMF, locaea distance of 10 cm.
Each pot received an equal amount of AMF inocul@fy] placed in the small
container (%2x3 cm) which was penetrable for the Collembola.réatment 4
(infection), the inoculum was mixed with the sterdoil. At the same time, 72
adult F. candida or S coeca individuals were added to the pots. Collembola
were kept on the soil surface for five days. Afiee days, the small container
was taken out with the AMF spores and the animaiewilled.

Plants were grown in a greenhouse for five weeksnt® were watered with 20
ml of deionised water when a decrease in theimtupgessure was observed.
After five weeks, root and shoot biomass, waterteainof plants and soil, the
degree of colonization and the spore number irstlilevere measured.

2.2.3. The nitrogen-uptake of maize through the #pdtem in the presence of
Collembola

A microcosm experiment was set up on the field.hEacrocosm was
separated by a screen of 42 um mesh size intoampartments, A and B. The
roots could not penetrate into the root-free conmpant A. The AMF were able
to spread to both compartments of the microcosms.

Microcosms were filled up with brown forest soilepiously air-dried and
insolarized for a week in order to reduce the dgrefi meso- and macrofauna.
Subsequently, 500 g of soil was filled into compeit A (length: 8 cm,
diameter: 10.5 cm) and 1000 g of soil into compartmB (length:15 cm,
diameter:10.5 cm).

Two seedlings were planted in each pot and aftezrgemce thinned to one
plant per pot. The soil surface of all pots wasered with a 2 cm layer of
gravel sand (2mm size) to minimize evaporation.

Each pot received an equal amount of AMF inoculd®4 of soil volumes,
respectively) into soil of compartment B. Microcasmere randomly placed
near by near on a table of 1 m height. Plants wettered twice a week with
100 ml tap water.

Six weeks after planting the maize, 200 iy marked ammonium sulphate
(labelled with™N at 49.8 atom percent excess) solved in distileder was
added to compartment A in each pot.

Three different treatments were set up, in thrediaates.” N was added at a
distance of 0.15 m from the roots of the maize wifl+) or without (C-)
Collembola. In the third treatment, tH&N was added directly to the root.



Mycorrhiza was allowed to grow for six weeks. Inetlsame time adult
individuals of the CollembolaSnella coeca was put in the maize free
compartment of the microcosms in a density of GBnal g* soil. Supposing
that most Collembola individuals live in the upgercm of the soil (Larink,
1997) an approximate calculation shows that a thensi3x10* individuals n
refers to 0.6 individuals gsoil. Microcosms were destructively sampled after
two weeks. Total plant biomass, shoot biomass, bewhass, shoot/root ratio,
plant water content, the total N content did content of the aboveground
plant parts, length of the AMF hyphae and amountadfrobial biomass were
measured. N antPN concentrations were determined by VG Micromas2 62
mass spectrometer.

2.2.4 Zn uptake by maize under the influence of AM-fuiagid Collembola
Folsomia candia

The experiment consisted of eight treatments (Tahld-ive replicates
were prepared for each treatmeRtlsomia candida Collembola andslomus
intraradices AMF species were used.

Treatment Zn G. F. candida
(250 mg/kg) intraradices density
NO - - -
N1 - + -
N2 - + low
N3 - + high
Z0 + - -
Z1 + + -
Z2 + + low
Z3 + + high

Soil was spiked with 100 ml of Zng®1,0); (Merck, GR for analysisyolution
at a nominal concentration of 250 mg Zn'kgry soil which is the pollution
threshold limit value in Hungary. Treatments with@n received an equivalent
guantity of distilled water. Zn was added four weelterplanting the maize.
The aim of choosing this concentration was to destrate the effects of a
moderate Zn pollution.

Microcosms with maize were destructively sampledvéeks after planting.
Roots were carefully removed from the soil and lyemtashed in tap water.
Shoots were cut at the upper part of the crowmtPiaight was measured from
crown to the highest end of the leaves. The weiglthe shoots and the roots
was determined after drying at ?0C for 72 h. The C and N contents of



thoroughly mixed dry plant roots and shoots weremeined by a Carlo-Erba
NA 1500 elemental analyser. Zn analyses were peddron soil, root and
shoot samples. After digestion with cc. HN@he extracts were analysed for
Zn with plasma emission spectrometry using a Jotion JY24 ICP
instrument. The microbial biomass, the percent gtarrhiza colonisation, the
length of hyphae and the spore number were measured

3. RESULTS

3.1. AMF consumption by Collembola species

F. candida did not consume the spores @. mosseae and G.
intraradices at allin laboratory experiments, whilgnella coeca consumed 45
% of G. mosseae spores and 71 % @. intraradices spores.

3.2. AMF dispersal by Collembola species

While the roots of the control plants from treatin&nwere not infected
with AMF, the plants in the other three treatmemése infected. Consequently,
both species were able to spread mycorrhiza irstiie but the efficiency of
dispersal was differenk. candida carried the infection more effectively th&n
coeca, in spite of the fact thaF. candida did not consume the spores, as
revealed by the food choice experiment.

3.3. The nitrogen-uptake of maize through the AM sstem in the presence
of Collembola

No significant difference was found among the tresaits in terms of
total plant biomass, shoot biomass, root biomdssot&oot ratio, plant water
content. The presence of the Collembola decreast#dthe™N atom percent
excess and the total N of the maize. Collembolaviactdecreased the hyphal
length in compartment A compared to the other mneat, while in
compartment B the hyphal length increased. Theepas of Collembola
decreased the microbial biomass in compartment Aewh compartment B
there was no significance difference among thertreats in this respect.



3.4. Zn uptake by maize under the influence of AM4ngi and Collembola
Folsomia candia

Collembola had significant effect on shoot dry virtignd the total dry
weight of the plant. The plants were greater wheliethbola were present at
low density than at high density. There were nmificant differences in the
root dry weight and the water content of the pldiie plants infected by AMF
had higher shoot dry weight, than the plants withdMF, but the difference
was not significant. The inoculated plants had ificantly higher shoot/root
ratio, than the not inoculated plants in the cdséngoollution.

The percentage of the mycorrhizal colonization wasder 5% in the
uninoculated plants which is in the range of thethoeological bias.
Mycorrhizal inoculation had a great positive effeatmycorrhizal colonization,
spore number and hyphal length. Both Zn and Coltdanbad a great effect on
AMF colonization, spore number and hyphal lengtlghHCollembola densities
decreased mycorrhizal colonization compared to ttemtments without
Collembola and with Collembola at low density. lretcase of hyphal length
the results were similar. High Collembola densitiesd negative effect
compared to the treatment without Collembola arel tileatment with few
Collembola. Low Collembola densities had no effeat AMF except that it
decreased spore numbers in Zn-spiked soil. Theepcesof Collembola at both
density levels decreased AMF spore numbers inolatpd soil. Spore number
had a weak interaction between Collembola and Zidedl Zn increased both
hyphal length and the degree of the AMF colonizatio

The application of Zn considerably enhanced plamtc@ncentrations, both in
the shoots and in the roots and had a greatly ipeseffect on the Zn
concentration of the soil. Mycorrhizal infectioncreased shoot and root Zn
concentrations, but did not influence the Zn conterthe soil. Lower root Zn
concentrations were found when Collembola weregmgsrrespective of the
density. Root Zn concentration had interaction leetw Collembola and Zn.
Soil Zn content and shoot Zn concentration wasaffected by Collembola.



3.5. New scientific results

F. candida Collembola species was demonstrated not to feethen
spores ofs. mosseae andG. intraradices AM-fungi in 48 hours.

S coeca Collembolla species was the first time descrilmeteed on the
spores of G. mosseae and G. intraradices AM-fungi under laboratory
conditions.

F. candida and S. coeca were proved be able to carry the mycorrhiza
from G. mosseae inoculum to a sterile maize. However, the carryoagacity
was different for the two species,. candida carried the infection more
effectively thanS coeca, in spite of the fact that. candida did not consume
the spores in the food choice experiment.

In our experiment, Collembola activity was demaaistid to destroy
AMF hyphal network that led to a decrease in thegen uptake of plants.

The results of our experiment demonstrate thaCibleembola influence

the growth and spread of AMF depending on the dg$iCollembola. High
densities of Collembola (50000 individuals’)ntlecreased the degree of the
AMF colonization on the plant roots and the hyplealgth in the soil, but low
densities (20000 individuals3ndid not influence these parameters.
In the presence of AMF, the Zn content of the plsimbots and roots was
significantly higher than without AMF. This effecivas decreased by
Collembola at a low density and at a high densstyvall. Collembola seems to
directly influence the Zn uptake by maize not athisough the AMF-host plant
system.

4. DISCUSSION

According to literature data (Moore et al., 1985.)¢candida do not feed
on the spores db. mosseae andG. intraradices. In the contrary$. coeca in our
experiment consumed the spores of the two AMF sgetWe did not find any
comparable date in literature. These results sudhasthere are differences in
the AMF feeding of the Collembola species.

In the AMF dispersal experiment, root biomass,|tplant biomass and
plant water content were found to be higher inghesence of both Collembola
species, than in the control treatment without €uolola; however, the



differences were not statistically significant. Bgzarameter was significantly
higher in the case of the infected plants (treatrd¢ncompared to the control
plants. These results can be explained by Collemlaativity. Collembola
dispersed the AM fungi, therefore they enhancedtplautrient and water
uptake. These results are in line with the findofgother authors, who also
found that Collembola can enhance the growth amdh@ddnce of AMF (Gange
and Ayres 1999; Bakonyi et al., 2002).

While the roots of the control plants from treatm&hwere not infected with
AMF, the plants in the other three treatments virgiected. Consequently, both
species were able to spread mycorrhiza in the $oit, the efficiency of
dispersal was differenE. candida carried the infection more effectively th&n
coeca, in spite of the fact thdt. candida did not consume the spores in the food
choice experiment. Therefore, it may be assumed dispersal of hypha
fragments took place in the gut of the animalss lknown thatF. candida is
feeding on the hypha of differe@omus species (Moore, 1985 and personal
observation). The difference of the degree of ashation can be explained by
the different activity and morphology of the twoesges. Klironomos and
Moutoglis (1999) found that in the presence of @olbola the distance that the
AMF can bridge between an inoculated and a nonmljal plant can be
changed. Therefore, our experimental results haesvis that theF. candida
and S coeca species were able to disperse the AMF from soiitaiaing
inoculum.

In the third experiment, AMF hyphal length werevibetn 4.25 and 6.85
m g soil-1. Similar results were found in an othetperiment withG.
intraradices, G. caledonium and G. invermaium (Larsen, Jakobsen, 1996).
These authors found that Collembola reduced the Ayphal length by 14, 37
and 39% depending on the AMF species. In our ewpari a decrease of 20%
in hyphal length was found in the presence of Qallela. These results are in
line with the observations that Collembola at ahkigdensity had negative
effect on the growth of AMF (Bakonyi et al. 2002aWock et al. 1982) and the
microbial biomass (Kaneda, Kaneko 2002). Other @stBtress out the role of
saprophytic fungi because evidence shows that @bla prefer conidial fungi
over AMF (Klironomos, Kendrick 1996). TH&N uptake by maize plants was
possible through AMF hyphal network under our expental circumstances,
because ammonium ions usually have low mobility smil. Collembola
destroyed hyphal network as it is proved by de@@dsyphal length. As a
consequence, the uptake of the marked ammoniupgeitrby plants decreased
significantly. Cole et. al. (2004) found that miarthropods influenced the
microbial community, but had no effect on the mimab or plant uptake of N.
However one specie€ératophysella denticulata) reduced root®N capture in
monoculture in this experiment, too. Our data supihe view that Collembola



can consume the AMF in the presence of sapropliytigi and are able to
influence the AMF hyphal length and function (Bakoet al. 2002).

Effects of the AMF on plant Zn uptake were foundh®e variable.
Usually, AMF is supposed to be protecting plantairgf the toxic effects of
Zn. In an experiment conducted with white clovagreasing Zn concentrations
(0-400 mg kg) enhanced Zn uptake in the shoots and roots laiirtbrease
was greater without AMF (Zhu et al., 2001). Similasults were found in
another experiment with ryegrass, where the metacentrations were the
following: 0, 30, 90, 270 mg Ky The presence of AMF was correlated with
higher Zn content in the root, preventing Zn froenetrating the shoot, and
thereby decreased the effects of metal toxicitykéta and Voros, 2003). In the
case of maize the concentrations of &eare lower in the mycorrhizal plants
compared to the non-inoculated ones (Weissernhah, d995).

In other experiments more Zn was taken up by plamsulated with AMF,
both in the roots and shoots, than without AMF.concentrations were higher
in the roots than in the shoots (Jansa et al., ;208%r and Leyval 2001; Oudeh
et al., 2002). Our results support these findingsne/corrhizal inoculation
increased the Zn content of the roots and the sh¥éeissenhorn et al. (1995)
suggested that the influence of AMF on metal uptiggends on the conditions
of plant growth, on the fungal partner and on thetah Besides, the Zn
concentration applied and the host plant speceslap important factors. This
is why the results can not yet be generalized.

Zn contamination may decrease (Bi et al., 2003,a¢akand Voéros, 2003),
enhance (Zhu et al., 2001) or have no effect on Addlonization (Li and
Christie, 2001)Chen et al. (2001) demonstrated that Zn conceotrati AM
fungal mycelia is about 10 times higher than in flost plant tissues. In our
experiment, Zn significantly increased the percgataf AMF colonization, and
Zn had a positive effect on hyphal length in albatments. In our case, probably
the high Zn concentration in the soil enhanced higghal production of the
AMF. In this way AMF help to keep the Zn in the tamone, as the AMF
infection enhanced the Zn uptake to the root iraggreratio than to the shoot.
This supports the hypothesis that AMF are ablegotoplants against heavy
metal intoxification.F. candida consumes the hyphae of cert@iomus species
(Moore et al, 1985). According to our data (unpsiiéid)F. candida fed on the
hyphae ofGlomus intraradices but did not consume the spores. The results of
this experiment suggest that Collembola also fedhgoorrhiza High densities
of F. candida significantly decreased the degree of AMF colotira and
hyphal length but low densities did not have anjectf on the above
parameters. A significant difference was observetivben the two density
levels concerning the degree of colonisation. Kin(tB985) obtained similar
results studying the efficiency of mycorrhizal ictien at different densities of
the CollembolaOnychiurus ambulans. Collembola at high density were found



to decrease the length of the external hyphae. Memvat optimal density the
dispersal of the AMF inoculum and the stimulatioh loyphal growth
compensated for the effect of feedimg.the present experiment, hyphal length
correlated with the colonization rates; high Colterta densities decreased and
low densities did not influence hyphal lengithere was a significant difference
between the hyphal lengths in the soil at differ€dllembola densities.
Bakonyi et al. (2002) found that the degree of ANlonization was the
highest at a density of 0.2-0.8inella coeca g soil*. Higher or lower
Collembola densities decreased the colonizatioe. riat this experiment the
effect of different Collembola densities appearésb an terms of the plant
biomass. In treatments applying lower Collembolasitees plants grew higher
and their dry weight was also greater.
Effects of Collembola on mycorrhizal development ajrowth also have an
indirect effect on Zn uptake by the maize planteotRZn concentration had
interaction between Collembola and Zn. This mearat Collembola had
greater effect on the root Zn concentration in pihesence of Zn. At a high
density, the Collembola decreased the AMF coloiomaand hyphal length in
the soil, which resulted in a lower Zn concentnatia the plant roots. Low
Collembola densities had similar negative effectlmZn concentration of the
root; however this density did not have any effatthe AMF colonization and
hyphal length. Therefore we have to underline thpdrtance of the Zn uptake
of the maize through the root, not through the Ajdtem. In this experiment
the difference between the Zn uptake of non-indedland mycorrhizal plants
was about 25% in the case of unpolluted soil araiBb5% in the case of Zn
spiked soil. Other authors found similar result@@ming Zn uptake (Kothari et
al., 1990). These results mean that the plants sgka great amount of Zn
through the roots. Collembola may feed on the robthe plants (Thimm and
Larink, 1994; Petersen, 2002). We suppose thate@dibla are able to
influence the Zn uptake through not only AMF, busoathe plant roots,
however, the mechanism is not yet known.

We conclude thaF. candida is able to influence the development of
AMF and this effect depends on the density of Goliela. The presence of
Collembola decreased root Zn concentrations ofntiaéze plant both in the
spiked and unspiked soil. However, Collembola derssivere not an important
factor in influencing the Zn uptake of plants thgbuthe plant-AMF fungi
system. Collembola seems to directly influence Zineuptake by maize not
only through the AMF-host plant system.

Consequently, the Collembola consumption dependhenspecies, on
the spores and hyphae of AM-fungi in the soil aad disrupt the mycelium
network of the soil fungi. These effects causerameiase in the abundance of
AMF. In the other side, Collembola are able to state the growth of AMF by
the mastication of the hyphae and they can helgolenization of new plants.



Because of these antagonistic processes, the eff@illembola on the plant’s
production through the AMF may be positive, negativ neutral. An important
conclusion of our experiments is that the densit¢alembola is the principal
factor to determine which way Collembola effect thérient uptake of plants
through the soil — plant — AMF system.
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