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Abstract

The ability of soil-living oribatid mites to disperse fungal
propagules on their bodies was investigated. Classical
plating methods were applied to cultivate these fungi and
to study their morphology. Molecular markers were used
for further determination. The nuclear ribosomal large
subunit and the nuclear ribosomal internal transcribed
spacer of DNA extracts of the cultured fungi as well as
total DNA extracts of the mites themselves, also
containing fungal DNA, were amplified and sequenced.
Based on phylogenetic analysis, a total of 31 fungal
species from major fungal groups were found to be
associated with oribatid mites, indicating that mites do
not selectively disperse specific species or species groups.
The detected taxa were mainly saprobiontic, cosmopol-
itan (e.g., Alternaria tenuissima), but also parasitic fungi
(Beauveria bassiana) for whose dispersal oribatid mites
might play an important role. In contrast, no mycorrhi-
zal fungi were detected in association with oribatid mites,
indicating that their propagules are dispersed in a
different way. In addition, fungi that are known to be a
preferred food for oribatid mites such as the Dematiacea
were not detected in high numbers. Results of this study
point to the potential of oribatid mites to disperse fungal
taxa in soil and indicate that co-evolutionary patterns
between oribatid mites and their associated fungi might
be rare or even missing in most cases, since we only
detected ubiquitous taxa attached to the mites.

Correspondence to: C. Renker; E-mail: crenker@uni-leipzig.de

Introduction

Saprobiontic and mycorrhizal fungi are important
organisms in the belowground system [20, 66]. The total
length of fungal hyphae in soils is estimated to be about
67 km per gram dry weight [17]. Together with soil
animals and bacteria, saprophytic fungi decompose the
organic material in most ecosystems of the world [59],
and fungi are the only organisms that are able to degrade
highly resistant organic substrates such as lignin [19].
Dispersal of soil fungi has been little studied. For some
fungal species, e.g., arbuscular mycorrhizal fungi, dispersal
by water and wind was shown to be important [1, 77].
Besides this, dispersal by animals, vertebrates as well as
invertebrates, was shown to be of great potential [1, 30, 44,
77]. Whereas vertebrates (e.g., ungulates) may provide
long-distance dispersal, invertebrates may mainly influ-
ence short-distance dispersal. Especially, soil invertebrates
such as earthworms, isopods, diplopods, mites, collembo-
lans, enchytraeids, and nematodes may be important
dispersers of fungal propagules [11, 42, 57, 58], e.g., 120
species of fungi were found on the surface of collembolan
species in an aspen forest in Canada [72, 73]. Further-
more, Acari and Collembola are a main constituent of the
biomass of Arthropoda in soils [27, 75] and oribatid mites
are the most dominant group of Acari in soils [69],
reaching abundance of approximately 30,000 individuals
per square meter in mull forest soils [47, 49] and up to
160,000 individuals per square meter in spruce and moder
forests [47]. Their ability to colonize available habitats
quickly (and thereby disperse microbial propagules) has
already been shown [60, 65]. Most species show distinct
horizontal distribution [52], as they use specific micro-
habitats that could often be related to their feeding biology
[54]. Much effort has been made to characterize the
feeding habits of oribatid mites [6, 7, 25, 37, 38, 45, 48, 62,
64], but little is known about their dispersal capacities. In
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experiments, oribatid mites showed a maximum individ-
ual displacement of 42 cm/day. The daily average
movement was generally of the order of a few centimeters,
varying with the season and the water content of the litter
and soils [9].

Many studies focused on the fungal profit from
selective spore dispersal on the body surface or in the
digestive tract of mites [39, 51, 67, 68]. On one hand,
dispersal of spores on the animal surface generally
appeared to be more important than via fecal pellets
[53]; on the other hand, it was shown that numerous
microbial propagules survive the gut passage and flourish
in the fecal pellets shortly after deposition [24, 35]. As
migrating soil arthropods transport fungal spores to new
substrates, fungi can colonize these new resources [33,
34, 74]. However, the overall effect of oribatid mites and
soil microarthropods on the soil fungal community in
general is not well explored. The fungal community has
been shown to recover faster in the presence of oribatid
mites after a severe disturbance [46]; generally, however,
the effect of oribatid mites on the structure of the fungal
community appears to be limited [50].

The present study investigates the dispersal abilities
of oribatid mites for fungal propagules. We isolated fungi
from tracks of oribatid mites on agar plates and used the
whole animal for DNA extraction. Fungal DNA ampli-
fied by polymerase chain reaction (PCR) originated from
the surface of the mites. Fungal-specific primers for the
nuclear ribosomal large subunit (LSU) and the nuclear
ribosomal internal transcribed spacer (ITS) were used. In
previous studies, fungi and other microorganisms were
isolated from the body or the gut of the animal and were
then cultivated for determination. In our study, the
molecular analysis of fungi for the first time allowed the
detection of uncultured fungi—which means fungi that
were not isolated by our standardized procedure—asso-
ciated with oribatid mites.

Materials and Methods

Study Site.  In February 2004, oribatid mites were
extracted from litter samples collected in an oak-beech
forest (Kranichsteiner Wald). The site is located about 8 km
northeast of Darmstadt (N49°54’, E8°44’) in Hesse (Ger-
many) at 150-175 m above sea level. The parent rock is
Rotliegendes covered with sand. The soil types are dystric
gleysols and orthic luvisols (FAO-UNESCO classification);
the humus form is a typical moder. The pH of the soil varies
between 3.6 and 4.3. The tree layer is dominated by
approximately 190-year-old oaks (Quercus robur) with
interspersed beech (Fagus sylvatica) and hornbeam (Car-
pinus betulus). The field layer contains mainly Luzula
luzuloides, Milium effusum, Anemone nemorosa, Oxalis
acetosella, Deschampsia cespitosa, Stellaria holostea, Mel-
ampyrum pratense, and Polytrichum formosum. The fungal
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community of the Kranichsteiner Wald was characterized
in the 1970s, and the presence of the lignicolous, the
humicolous, and (ecto-)mycorrhizal fungi was discussed
[31]. Species composition since this time has not changed
(H. Grof3e-Brauckmann in lit.). A short list of common
soil microfungi isolated from soils of the Kranichsteiner
Wald is given in Table 1.

Sampling of Oribatid Mites and Cultivation of
Fungi.  L/F layer material was collected and trans-
ferred to the laboratory where oribatid mites were
extracted by heat [40, 43]. Oribatid mites were separated
under a dissecting microscope and identified to species
level. Four different species, Paradamaeus clavipes
(Hermann, 1804), Steganacarus magnus (Nicolet, 1855),
Oribatella quadricornuta (Michael, 1880), and Oribatula
tibialis (Nicolet, 1855), were chosen for the experiments.
These species are among the most abundant oribatid
mites in the Kranichsteiner forest (K. Schneider, un-
published data) and can be identified easily under a ste-
reomicroscope due to their comparable large body size.
Regarding their ecology, S. magnus and O. quadricornuta
represent primary decomposers, which predominantly

Table 1. List of common soil microfungi isolated from soils of
the Kranichsteiner Wald near Darmstadt (Hesse, Germany)

Ascomycota
Alternaria alternata (Fr.) Keissl.;

Anamorphic Lewia (Pleosporaceae)

Aureobasidium pullulans (de Bary) G. Arnaud;

Anamorphic Discosphaerina (Dothioraceae)
Cladosporium sp.;

Anamorphic Mycosphaerella (Mycosphaerellaceae)
Bipolaris spicifera (Bainier) Subram.;

Anamorphic Cochliobolus (Pleosporaceae)
Dictyosphaeria sp.; Anamorphic Chaetosphaeriaceae
Cordana cf. Pauciseptata Preuss; Anamorphic Ascomycetes
Epicoccum nigrum Link 1815; Anamorphic Ascomycetes

Syn.: Epicoccum purpurascens Ehrenb.
Geniculosporium sp.; Anamorphic Xylariaceae
Geomyces pannorum (Link) Sigler & J.W. Carmich.;

Anamorphic Pseudogymnoascus (Myxotrichaceae)

Syn.: Chrysosporium pannorum (Link) S. Hughes
Oidiodendron sp.; Anamorphic Myxotrichaceae
Paecilomyces sp.; Anamorphic Byssochlamys (Trichocomaceae)
Phialophora sp.; Anamorphic Ascomycetes
Scolecobasidium sp.; Anamorphic Ascomycetes
Torulomyces sp.; Anamorphic Ascomycetes
Ulocladium sp.; Anamorphic Pleosporaceae

Zygomycota
Absidia cylindrospora Hagem; Mucoraceae
A. glauca Hagem; Mucoraceae
Umbelopsis isabellina (Oudem.) W. Gams; Mortierellaceae
Syn.: Micromucor isabellinus (Oudem.) Arx
Mortierella isabellina Oudem.
Umbelopsis ramanniana (A. Meller) W. Gams; Mortierellaceae
Syn.: Micromucor ramannianus (A. Meller) Arx
Mortierella ramanniana (A. Moller) Linnem.
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feed on litter, whereas P. clavipes and O. tibialis
represent secondary decomposers, which prefer a fungal
diet and only partially rely on litter [61]. Two individ-
uals of each species were incubated on 1% Hagem
medium (glucose 5 g L™, KH,PO, 0.5 g L™, NH,Cl 0.5
g L7, MgSO,7H,0 0.5 g L™ ', malt extract 5.0 g L™,
ferric EDTA 5 mL L™") at room temperature for 12 h.
For animal pairs of the four species, this procedure was
repeated five times at different concentrations of
ampicillin to exclude bacteria, i.e., 250, 563, 1000,
1750, and 4000 uL L~!. Thus, 10 animals per mite
species were checked for their potential to act as fungal
vector. After incubation, these mites were removed from
the medium and directly used for DNA extraction (see
below). Fungi growing along the routes of the mites
were isolated on new petri dishes to obtain pure cultures
of the fungi. However, especially on plates with low
concentrations of ampicillin, there were numerous
bacteria, making isolation of fungi difficult.

As an alternative medium for the isolation of fungi
from mites, 1% MYP medium (malt extract 7.0 g L',
yeast extract 0.5 g L™ ', peptone 1.0 g L™ ') was used, but
as the number of isolated fungi was below the one
obtained with Hagem and no other species were
detected, Hagem medium was used in all following
experiments.

As some fungi did not develop conidiogenous cells
and reproductive structures on Hagem medium, the
mycelia of all fungi were transferred to Czapek—Dox
medium (glucose 30 g L', NaNO3 3 g L', K;HPO, 1 g
L™, KCl0.5g L', MgSO,4 0.5 g L™, FeSO, 0.01 g L™,
tetracycline 0.1 g L™, chloramphenicol 0.1 ¢ L™") to
obtain characters suitable for species identification based
on fungal morphology. The isolates were cultured at
room temperature for 4 weeks and the plates were
microscopically inspected at least twice a week.

Identification of Fungi based on Morphological
Characters. ~ Characters relevant for determination of
fungal colonies growing on agar plates (Hagem medium
and Czapek-Dox medium) were investigated by light
microscopy. Apart from publications dealing with single
genera (see the section “Remarks on morphology of
selected taxa”), the following references were used for
identification: Arx [4], Barnett and Hunter [5],
Carmichael et al. [15], and Domsch et al. [21].

Nomenclature and systematic arrangement of fungi
followed the British standards Dictionary of the Fungi
[41] and Index Fungorum (http://www.indexfungorum.
org). As we obtained only anamorphic states in culture,
we used the names of the anamorphs and not those of
the teleomorphs and holomorphs. Cultures of Pseudo-
zyma sp. (CBS 10103) and Rhodotorula sp. (CBS 10104)
were deposited at the Centraalbureau voor Schimmel-
cultures (CBS) in Utrecht.
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DNA Extraction and PCR Conditions. ~ To assess
whether the fungi isolated from oribatid mites, using the
approach described above, represent the whole spectrum
of putative mite-associated fungi, fungal DNA was
directly extracted from mites [22]. Genomic DNA from
fungi obtained in culture was directly isolated from
liquid-nitrogen-frozen hyphae after grinding using the
DNeasy Plant Mini kit (Qiagen, Hilden, Germany) as
recommended by the manufacturer.

Amplification of the ITS and LSU regions of the
nuclear ribosomal DNA by PCR was performed on a
Master cycler gradient system (Eppendorf, Hamburg,
Germany) in a total volume of 50 pL containing 2 U Tag
DNA polymerase (Promega, Heidelberg, Germany), 5 puL
of 10x Taq polymerase reaction buffer (Promega), 4 puL
25 mM MgCl,, 10 nmol of each ANTP (MBI-Fermentas,
St. Leon-Rot, Germany), 50 pmol of each of the two
primers and 1-3 pL of the DNA extract. The reactions
were performed as hot-start PCR with 10 min initial
denaturation at 94°C before adding the Taq polymerase
at 80°C. The PCR program comprised 32 cycles (40 s at
94°C, 30 s at 54°C, 40 s at 72°C). A final elongation of 10
min at 72°C followed the last cycle.

To amplify fungal ITS regions, we used the primer set
ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG) and ITS4
(5-TCCTCCGCTTATTGATATGC). If no bands were de-
tected in this PCR step, a nested PCR was performed with
the primer set ITS1 (5-TCCGTAGGTGAACCTGCGGQG)
and ITS4 using 1 pL of the first PCR as DNA template.
The LSU region was amplified using the primer pair
LROR (5'-ACCCGCTGAACTTAAGC) and NL4 (5-
GGTCCGTGTTTCAAGACGG). These primer combina-
tions were nearly specific for fungi. Even with the total
DNA extracts derived from mites we only obtained seven
clones containing mite amplicons (twice for primer set
ITS5/ITS4, five times for primer set LROR/NLA.

Cloning, Sequencing, and Sequence Analyses.  PCR
products were directly cloned into the pCR 4-TOPO
vector, using the TOPO TA Cloning kit for sequencing
(Invitrogen Life Technologies, Karlsruhe, Germany) as
described by the manufacturer. Clones were amplified and
checked for their inserts with the primers mentioned
above. Clones showing the same size in the PCR products
were separately cut with restriction enzymes Hinfl and
Mspl (MBI-Fermentas) to check their identity. All PCR
products showing different product sizes, or the same
product sizes but different restriction patterns, were
further processed for sequencing.

The plasmid DNA containing the PCR product was
extracted from 1.5 mL of Escherichia coli TOP10 chemically
competent cells using the Perfectprep plasmid mini kit
(Eppendorf). Cloned products were then sequenced in both
directions with M 13 reverse [5'-CAGGAAACAGCTATGAC]
and M13 forward [5'-GTAAAACGACGGCCAG] on an ABI
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PRISM 3100 Genetic Analyser (Applied Biosystems,
Warrington, UK) using the Big Dye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) following the manu-
facturer’s instructions.

DNA sequences of the D1/D2 region of the ribo-
somal large subunit as well as full nrITS were compared
with GenBank sequences using the BLASTN program
[2]. Our own sequences were submitted to the EMBL
database under the accession numbers given in Tables 2
and 3 and Fig. 1. LSU sequences were manually aligned
in Bioedit version 5.09 [32]. Ambiguously aligned
positions were excluded from the phylogenetic analyses,
resulting in an alignment of 409 putative homologous
sites. Reference sequences from GenBank were also
included to show the systematic position of the new
sequences. Thus, the LSU data set we used consisted of
sequences of 11 Basidiomycota (3 obtained in this study),
43 Ascomycota (17 obtained in this study), and 21
Zygomycota (11 obtained in this study). Trees were
rooted with sequences of Suberites ficus (Porifera) and
Beroe ovata (Ctenophora).
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Phylogenetic trees were inferred using distance criteria
as implemented in PAUP* 4.0b10 [70]. A neighbor-
joining analysis was conducted based on the Kimura
two-parameter model. The confidence of branching was
assessed by using 1000 bootstrap resamplings.

Results

Altogether 31 fungal taxa were found in association with the
investigated oribatid mites. Sixteen of these species were
cultured from the body surface of the mites and determined
to species or at least genus level combining molecular and
morphological data (Table 2). Most of the detected species
are common and widespread soil microfungi that were also
isolated from soils of the field site (Table 1), but fungi
frequently living in the phyllosphere (Aureobasidium pul-
lulans, Pseudozyma sp.) or on plant material (especially
Alternaria tenuissima) were also found. In the case of
Beauveria bassiana, even a pathogenic fungus attacking
mites was detected (Table 2). Not one of the known

Table 2. List of fungi cultivated from oribatid mites and identified to species or genus level, with respect to their ecology aspects and

distribution

Fungi with corresponding sequence data of the Mode of Isolated

ribosomal LSU/ITS life Substratum, host Distribution from

Absidia glauca Hagem S Mainly soil C S
(AJ876785/AJ876491)

Alternaria tenuissima (Kunze) Wiltshire S Mainly decaying plant material C P
(AJ876766/AJ876483)

Aureobasidium pullulans (de Bary) G. Arnaud S Often inhabitant of the phyllosphere C S
(AJ876762, AJ876763/AJ876480, AJ876481)

Beauveria bassiana (Bals.—Criv.) Vuill. Ps (S) Insects, spiders, and mites (also soil) C P
(AJ876771/AJ876485)

Cladosporium cladosporioides (Fresen.) G.A. de Vries S Soil and plant material C (0]
(AJ876764/AJ876482)

Clonostachys rosea (Preuss) Mussat S Soil and plant material Cc(® (6]
(AJ876769/AJ876484)

Moucor hiemalis Wehmer S Mainly soil C B
(AJ876782, AJ876783/AJ876480, AJ876490)

Penicillium subgen. Penicillium S Soil and plant material C B
(AJ876775-AJ876776/n.d.)

Pseudozyma sp. S Often inhabitant of the phyllosphere T@®) (0]
(AJ876780/AJ876488)

Rhodotorula sp. S Mainly soil and water (?) Cc(® S
(AJ876779/A]876487)

Trichoderma koningii Oudem. S Mainly soil C(? B
(AJ876773/AJ876486)

Umbelopsis issabellina (Oudem.) W. Gams S Mainly forest soil T B
(AJ876788/A]876493)

Umbelopsis ramanniana (A. Moller) W. Gams S Mainly forest soil (?) T B
(AJ876787/AJ876492)

Verticillium sp. (AJ876768/) S (Pt) Mainly soil (also plants) C (e}

Information on ecology summarized in the table represents condensed data extracted from the literature and only partially reveals autecological and
chorological preferences. Question marks indicate uncertainties regarding the classification. We are aware of the fact that the meaningfulness of data for

genera is very limited.

Three different species of Penicillium subgen. Penicillium were isolated from O. quadricornuta.
Mode of life: S, saprobiontic; Ps, parasitic; Pt, pathogenic. Distribution: C, cosmopolitic; T, mainly temperate regions. Isolated from: P, Paradamaeus clavipes
(Hermann, 1804); S, Steganacarus magnus (Nicolet, 1855); B, Oribatella quadricornuta (Michael, 1880) and O, Oribatula tibialis (Nicolet, 1855). n.d., not

done.
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Aureobasidium pullulans AJ876762 S
100k Aureobasidium pullulans AJST6763 S
Discosphaerina fagi AY016359
Aureobasidium pullulans AY185811
Cladosporium cladosporioides AJ876764 O
OTU 1 AJ876765 P
100 Cladosporium cladosporioides AY213695
Raciborskiomyces longisetosum AY016367
Mycosphaerella suttoniae AF309587
Alternaria tenuissima AJ876766 P
100k Afternaria tenuissima AJ876767 P
Alternaria tenuissima AY154712
Phoma glomerata AY293796
Pleospora herbarum AF382386
100|- Verticillium spec. AJ876768 O

Dothideales

Mycosphaerellales

Pleosporales

Verticillium bactrosporum AF339538

Nomuraea rileyi AB047211
100 Bionectria ochroleuca AY283558

2 Clonostachys rosea AJ876769 O
5] Z: OTU 2AJ876770 P

Cordyceps ophioglossoides AB027367

Beauveria bassiana AJ876771 P
100 OTU 3 AJ876772 P

Cordyceps spec. AB044636
Beauveria bassiana AB027382
9y Trichoderma koningii AJ876773 B
Hypocrea koningii AJ301990

Hypocreales

69

e109Awoosy

91

98

98

Trichoderma viride AY283548

— Fusarium phaseoli AY220166
70

Glomerella cingulata AF543786
100" OTU 4 AJ876774 S
Plectosphaerella cucumerina AF222497
91" Plectosphaerella cucumerina L36639
Penicillium spec. 1 AJ876775 B
100 |_Penicillium spec. 2AJ876776 B
Penicillium spec. 3 AJ876777 B
Penicillium farinosum AF527057
98 Penicillium mali AF527056
Penicillium camemberti AF034453
Penicillium cordubense AF527055
OTU 5 AJ876778 O
Pichia guilliermondii AY 188372
Debaryomyces hansenii U45808

100— Rhodotorula spec. AJ876779 S
100| [ Rhodosporidium toruloides AF444746

Phyllachorales

Eurotiales

100

100 | Saccharomycetales

Sporidiobolales

Iﬁ: Sporobolomyces odoratus AF387126
Rhodotorula glutinis AY646097
91[| Pseudozyma spec. AJ876780 O
100 Ustilaginales

62

100

ejosfwoipiseg

Pseudozyma spec. AB117962
100§ OTU 6 AJ876781 P

Ustilago maydis AF453938

Trichosporon porosum AF308656
Cryptococcus curvatus AF444717
Mucor hiemalis AJ876782 B
100 I Mucor hiemalis AJ876783 B

| Trichosporonales

7

89

LMucor hiemalis f. hiemalis AF 113468
OTU 7 AJ876784 B

Mucorales

100 y Umbelopsis ramanniana AJ876787 B
64 Umbelopsis ramanniana AB090301
| 100 [: Umbelopsis isabellina AJ876788 B
Umbelopsis isabellina AF157220
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macromycetes in the Kranichsteiner Wald [31] was detected
in association with oribatid mites. For all species, ITS and
LSU sequences were generated, classified by BLASTN and
compared with morphological data, which led to
an undoubted classification. Only in the case of the three
Penicillium subgen. Penicillium species were we not able
to gather ITS sequences. Having used the primer set ITS5/
ITS4, which failed to amplify DNA of these fungi, we
tried the primer set ITS1/ITS4, which was not successful
either.

Further 15 fungal taxa were only detected in total DNA
extracts from the oribatid mite specimens and, without any
morphological data, they were classified as operational
taxonomic units (OTU) (Table 3). Five of these OTUs
were only detected based on ITS sequences, five based on
LSU sequences, and the remaining five based on ITS and
LSU sequences. All these OTUs showed sequence identities
of at least 94% with fungal sequences in GenBank using
the BLASTN program. Most OTUs had sequence identi-
ties of 99-100%, which allows one to assume a close
relationship between the taxa represented by our se-
quences and these best hits deposited in GenBank.
This assumption was also confirmed by the phylogenetic
tree (Fig. 1) in which most OTUs fall in close vicinity to
their best hits found by BLASTN.

Ten (3 in culture, 7 in total DNA extract from mites), 5
(1/4), 13 (11/2), and 9 (5/4) fungal species were found in
association with O. quadricornuta, Or. tibialis, P. clavipes,
and S. magnus, respectively. Only three zygomycetous
species, i.e., OTU 8 (closely related to Cunninghamella
sp.), OTU 9 (closely related to Mortierella sp.), and OTU 7
(cf. Mucor hiemalis) were found in association with more
than one mite species (Table 3).

Remarks on Morphology of Selected Taxa. For
the majority of cultivated fungi, a reliable determination
of species on morphological characters was possible. In
some cases, as listed below, a species-level identification
failed because relevant features were lacking. The
following list also contains fungi determined to species
level but showing aberrant or noteworthy features.

Absidia glauca. On all culture media the fungus mainly
produced sporangiophores arising singly from stolons,
bearing branches as typical of sect. Repens. Only on older
hyphae, a few sporangiophores also occurred in whorls of
two, rarely three, as described for sect. Glauca (e.g., [18];
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Figure 2. Microphotographs of selected fungi isolated from
oribatid mites. (A) Absidia glauca, sporangiophores always arising
singly at young hyphae. Bar = 300 pm. (B) Aureobasidium
pullulans, hyphae and conidia with characteristic guttulae. Bar =
20 pm. (C) Clonostachys rosea, old conidiophore and conidioge-
nous cells changing into chlamydospore-like swollen cells. Bar =
20 um. (D) Pseudozyma sp., hypha with sterigma-like structure
and elongated conidia. Bar = 10 um. (E) Umbelopsis issabellina,
sporangiophore and sporangium, basal hyphae bearing a dark
chlamydospore. Bar = 20 pm. (F) U. ramanniana, chlamydospore
germinating with lateral granulous outgrowth and radiating
divergent hyphae. Bar = 20 pm.

see Fig. 2). Our isolate showed an intermediate position
between both taxa regarding this character. All other
features corresponded to A. glauca, and molecular data
confirmed this determination.

Clonostachys rosea. The cultured fungus belongs to an
anamorph complex commonly described as Gliocladium
roseurn Bain. According to the determination based on
molecular results, it corresponds to Bionectria ochroleuca
(see Table 2) and, following Index Fungorum, the isolate
has to be named Clonostachys (Gliocladium is an
anamorph of Sphaerostilbella).

Figure 1. Phylogenetic tree of fungi found in association with oribatid mites in an oak—beech forest near Darmstadt (Hesse, Germany).
The tree was obtained by distance analysis with the neighbor-joining method (Kimura two-parameter model) based on sequences of the
D1/D2 region of the ribosomal large subunit. Sequences of Suberites ficus (Porifera) and Beroe ovata (Ctenophora) served as outgroup.
Bootstrap values (>50%) were determined for neighbor-joining (1000 resamplings). Sequences obtained in this study are shown in bold
face. Sequences with fungal names were from cultured fungi, whereas sequences from total DNA extracts of oribatid mites are given as
operational taxonomic units (OTU). Letters indicate oribatid mite species from which sequences were derived (B, Oribatella quadricornuta;
O, Oribatula tibialis; P, Paradamaeus clavipes; S., Steganacarus magnus).
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Mucor hiemalis. For a reliable identification of Mucor
species the sexual compatibility should be considered
[63]. The nonproduction of zygospores indicates a
heterothallic species. Morphological and genetic data
supported the determination as M. hiemalis.

Beauveria bassiana. In cultures at least 2 weeks old, apart
from characteristic clustered conidiogenous cells divided
into venter and rhachis (up to 25 um long), another type
of conidiogenous cells occurred that is not mentioned in
literature [18]. Their size was dominantly subulate and
the cells reached a length up to 50 pm.

Penicillium spp. All of the isolates obtained from mites
belong to the subgenus Penicillium. Within the frame of
this study, an application of methods to determine
species of Penicillium (e.g., scanning electron microsco-
py, infection tests with plants [29]) was not intended.

Pseudozyma sp. The characters of hyphae and budding
as well as the formation of sterigma-like outgrowths
giving rise to blastoconidia indicate that the fungus
belongs to anamorphic Ustilaginales [12] (see Fig. 2).
Biochemical tests were not carried out. The affiliation to
the genus Pseudozyma is based on molecular data.

Rhodotorula sp. In culture, the fungus produced bud-
ding cell colonies with or without a pink color. This is in
correspondence with characters of several yeastlike
genera including Rhodotorula. No morphological features
suitable for genus determination were detected. Rhodo-
torula (anamorph of Rhodosporidium) was identified by
molecular analysis.

Verticillium sp. The fungus developed only one type of
conidiogenous cell and conidiophore, and all revealed
morphological characters are in accordance with Verti-
cillium (and not with another anamorph possessing a
Verticillium state). The molecular results suggest a close
relation to the nematophagous V. bactrosporum Drechs-
ler, but especially due to the size of conidiogenous cells
(subulate instead of narrowly lageniform) and spores
(more or less ellipsoid instead of bacilliform) this species
must be excluded [23]. The gathered morphological data
are not sufficient to determine the isolate to species level.

Discussion

Fungal species from a wide range of taxa (Basidiomycota,
Ascomycota and Zygomycota, see Fig. 1) were found to
be associated with oribatid mites, indicating the impor-
tant role of these animals for the dispersal of several
fungal taxa in soil [9]. Differences in the observed fungal
spectrum associated with different mites might just
coincide with low numbers of individuals studied.
However, antifungal and antibacterial activities were
detected in some mite species [26] and one might think
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about a different potential of fungi to become attached to
surfaces. Attachment of yeasts (i.e., for Rhodosporidium
toruloides, which is closely related to our Rhodotorula sp.)
was shown to be mediated by adhesives [14]. All these
features might influence the observed “fungus—mite
associations.”

There is evidence that perhaps one key function of
soil invertebrates is the dispersal of microbial propagules
[72]. Although the range of dispersal by mites might be
limited, one has to consider that in a patchy environ-
ment, such as soils, favorable and habitable sites are
islands with heterogeneous spatiotemporal distribution.
These sites have to be reached by each specialized fungus
before establishment and reproduction can occur [3, 28,
36]. Hence, dispersal, even over a limited distance, might
facilitate the establishment of fungi in favorable patches.
Therefore, even tiny members of the soil mesofauna
might act as suitable vectors. Although, for instance S.
magnus shows an average daily movement of only 4.11
cm in summer, with a maximum individual movement
of 21.5 cm [9], this species is well known to enter layers
of fresh leaf litter for oviposition, which provides direct
access to an open patch for fungi.

Presumably, oribatid mites and other soil animals
influence the distribution, dispersal, and growth of soil
fungi during their feeding activity and movement. Most
studies indicate that most individuals of mites and
collembolans are associated with approximately 20 fungal
species [6, 16, 55]. The species number associated with
each animal appears to be related to body surface area
[55]. This might be an explanation for the relatively large
number of fungal species (120) detected in association
with Collembola [72, 73] compared to that found on the
smaller oribatid mites in our study (31). Note, however,
that the extraction of oribatid mites in our study was
done once in February, when fungal activity in the field
might have been low.

Concerning the origin of fungal DNA in our study,
one has to consider two possibilities: (1) the mite body
surface and (2) the gut of the mite. Although large parts
of fungal material, even the most recalcitrant fungal
spores, are destroyed during gut passage [56, 71],
approximately 50% of fungal spores seem to be able to
sprout afterward [73]. There are two good reasons to
assume that the fungal DNA amplified in this study was
mainly derived from the body surface of the respective
mites. First, we never found fecal pellets in petri dishes
with mites directly isolated from soil. This might be due
to the extended handling time during animal extraction
from soil when animals seem to deflate their gut content.
Therefore, especially in the case of fungal isolates, all
fungi very likely derived from the mite body surfaces.
Second, the chosen target regions are too large to be
amplified from fungi in gut contents. Due to DNA
degradation during gut passage, target regions for food
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analyses in animals should not be larger than 200 to 300
bp [78]. As ITS sequences were in a range between 552
bp for OTU 6 and 801 bp for Pseudozyma sp. and
between 616 bp for C. rosea and 795 bp for OTU 10 in
LSU sequences, target regions in our study were at least
two times larger than recommended for amplification of
gut contents.

Whereas we detected several saprophytic and para-
sitic fungi, we found no mycorrhizal fungi associated
with oribatid mites, suggesting that dispersal by mites is
of little importance for mycorrhizal fungi. The reasons
for this phenomenon are not known. Possibly, mycor-
rhizal spores, especially those of arbuscular mycorrhizal
fungi, are too large to be carried on the surface of
oribatid mites. Ectomycorrhizal fungi that produce
hypogeous sporocarps (such as Tuber or Rhizopogon),
which are often dispersed by soil-dwelling animals—
however, even this was mainly shown for vertebrates
[e.g., 10, 18]—are quite rare in Germany. Thus, spores of
most ectomycorrhizal fungi are lifted above ground in
fruiting bodies and thereby are dispersed by wind.
However, at least other propagules such as mycelia
should have the chance of being dispersed by mites, as
both can be found in the same habitat.

Only a few dark pigmented fungi (Dematiacea) were
found to be associated with oribatid mites. Oribatid mites
(and other soil animals) are known to preferentially feed
on Dematiacea, especially on the genera Ulocladium and
Alternaria [45, 48, 62], and it was speculated that orib-
atid mites preferentially disperse fungal species that they
feed on, which would be an indication for a mutualistic
relationship between oribatid mites and some fungal taxa
[8, 76]. However, in contrast to such a hypothesis, the
results of our study suggest that there might be no
mutual relationships or co-evolutionary process between
oribatid mites and soil fungi. The only fungal taxon that
is often associated with oribatid mites and other soil
microarthropods is Beauveria, simply because this fungus
is able to degrade chitin and therefore it is often found
attached to bodies of microarthropods where it degrades
the chitin of the living and later that of dead animals.
The finding that some fungi (Ustilaginales) are specifi-
cally dispersed by soil mites (Eriophyidae and Tetrany-
chidae) [13] probably might be an exception or might be
related to these specific mite taxa. However, in our study,
A. glauca and B. bassiana, with their briefly annotated
aberrations from the typical characters (see “Results”)
could give cause to assume a specificity that should
encourage further research.
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