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Interaction potentials between soil microarthropods and microorganisms were investigated with Folsomia
candida (Insecta, Collembola) in microcosm laboratory experiments. Microscopic analysis revealed that the
volumes of the simple, rod-shaped guts of adult specimens varied with their feeding activity, from 0.7 to 11.2
nl. A dense layer of bacterial cells, associated with the peritrophic membrane, was detected in the midgut by
scanning electron microscopy. Depending on the molting stage, which occurred at intervals of approximately
4 days, numbers of heterotrophic, aerobic gut bacteria changed from 4.9 3 102 to 2.3 3 106 CFU per specimen.
A total of 11 different taxonomic bacterial groups and the filamentous fungus Acremonium charticola were
isolated from the guts of five F. candida specimens. The most abundant isolate was related to Erwinia amylovora
(96.2% DNA sequence similarity to its 16S rRNA gene). F. candida preferred to feed on Pseudomonas putida and
three indigenous gut isolates rather than eight different type culture strains. When luciferase reporter gene-
tagged bacterial strains were pulse fed to F. candida, gut isolates were continuously shed for 8 days to several
weeks but Escherichia coli HB101 was shed for only 1 day. Ratios of ingested to released bacterial cells dem-
onstrated that populations of nonindigenous gut bacteria like Sinorhizobium meliloti L33 and E. coli HB101
were reduced by more than 4 orders of magnitude but that the population of gut isolate Alcaligenes faecalis HR4
was reduced only 500-fold. This work demonstrates that F. candida represents a frequently changeable but se-
lective habitat for bacteria in terrestrial environments and that microarthropods have to be considered factors
that modify soil microbial communities.

Microorganisms provide the metabolic basis for nutrient cy-
cling in soil. In undisturbed soils, many of these microor-
ganisms are associated with habitats provided by eukaryotic
organisms, e.g., plant rhizospheres or guts of soil animals.
Compared to bulk soil, such ecological niches are often char-
acterized by higher concentrations of nutrients and increased
microbial biomass (22). It can be expected that in these habi-
tats, rates of nutrient cycling are much higher and potential
disturbances are more dramatic than in bulk soil, because in
bulk soil most bacterial cells are more or less in the status of
starvation (51, 57).

The importance of soil animals, especially in the initiation of
decomposition of organic substances which normally enter the
soil as plant material, is well established (5). Food webs, in
which different groups of soil animals interact, accelerate the
reentry of plant material into the nutrient cycle (40, 50, 74).
Among the soil animals, microarthropods, a group which con-
sists in most soils mainly of mites and collembolans (spring-
tails), enhance the flow of organic carbon by fragmentation
and communition (physical restructuring) of organic matter
(62). Microarthropods, which can occur in soil at densities in
the range of 104 to 105 specimens per m2 (44), have well-
developed mouth parts with which they disrupt and cut up

organic substances. This process increases the surface areas of
the substrates and makes them more accessible for microbial
colonization (27). The gut passage may also enhance rates of
decomposition by inoculating the organic material with bacte-
ria, which might continue to grow outside the gut in the feces
(33, 41, 58).

Each component of the faunal food web can provide specific
mechanical and enzymatic functions and potentially also a
large variety of different habitats for microorganisms. Thus, to
understand the ecological significance of a faunal group, it is
also important to investigate whether specific microorganisms
or microbial communities exist and what functions would be
provided by them. A high diversity of microorganisms has
already been isolated from a large variety of macroarthropods,
especially insects (11, 16, 23, 48, 61, 71), but only a few reports
which try to identify bacteria from microarthropods exist.
Compared with those of other soil invertebrates, gut sizes of
microarthropods are several orders of magnitude smaller and
thus, presumably, more exposed to conditions provided by the
surrounding environment. For mites, microbial communities
consisting mainly of bacteria have been described (65, 70, 84).
These bacterial communities varied depending on the species,
the age of the specimens, the habitats from which they were
isolated, and the substrates which they were fed (65, 84).

Even less is known about microorganisms associated with
collembolans. Fungi were isolated from four soil- or dung-
inhabiting collembolans, among which were two species of the
genus Onychiurus, but it could not be concluded in that study
whether some of these isolates contributed to a gut-specific
microflora (19). Scanning electron microscopy (SEM) detected
the presence of fungal mycelia and some bacterial cells in the
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gut of the soil collembolan Folsomia candida, but it was con-
cluded that the presence of fungi was primarily a result of the
ingestion of fungal hyphae as a food substrate (77). High num-
bers of bacterial cells, 3.8 3 1011 CFU per g of gut contents,
were isolated from the same species; among them were chitin-
degrading bacteria which were probably involved in the use of
exuviae by the insects (10).

In contrast to more highly evolved insects, Apterygota, a tax-
onomic subclass which includes collembolans, molt throughout
their entire life cycle. At each molting cycle the midgut epithe-
lium regenerates together with the cuticle (39). Additionally, it
was shown for the collembolan Tomocerus minor that specific
gut cells continuously excrete substances which generate the
peritrophic membrane (39), a mucoid substance which is sup-
posed to facilitate the transport of the food bolus through the
alimentary canal (59). Since molting occurs at intervals of only
several days (68), microbial colonization of the gut, as it has
been described by Borkott and Insam (10), should frequently
be affected by these processes.

Feeding activities of soil animals should affect the microbial
communities colonizing organic or inorganic substances. De-
pending on the selectivity of the gut, ingested microbial cells
may be lysed and digested, but they may also be able to grow
and colonize the gut. Such processes, which can decrease or
amplify specific members of a microbial community, have been
shown to be of importance in aquatic habitats (34) and have
also been considered to figure in microorganism-earthworm
interactions (13, 53) and the effects of invertebrates on soil
microorganisms (30).

We conducted this study in order to reveal if the gut of a
collembolan can be a selective habitat and vector for microor-
ganisms and if feeding activities of collembolans can poten-
tially affect microbial community structures in terrestrial eco-
systems. As a model organism, we selected the nonpigmented,
soil-dwelling collembolan F. candida, which we kept in labora-
tory breeding stocks. F. candida is a cosmopolitan insect which
can be found in soil preferentially among the litter or humus
fraction (47). It feeds on organic material, fungal hyphae, nem-
atodes, or bacterial cells (4, 6, 45). Microbial colonization of
the gut was characterized by different microscopical techniques
and cultivation-dependent methods. The diversity of microor-
ganisms isolated from the gut of F. candida was assessed and
marker-gene-tagged bacterial cells, which were fed to F. candi-
da in laboratory experiments, allowed us to specifically monitor
the fates of ingested cells as affected by the passage through
the alimentary system of F. candida.

MATERIALS AND METHODS

Organisms, maintenance, and media. An initial breeding stock of F. candida
was obtained from O. Larink (Technical University, Braunschweig, Germany).
The animals were bred in plastic vessels floored with a 10:1 gypsum and charcoal
mixture (31). The breeding stocks were kept at 18°C in the dark, and the insects
were routinely fed with autoclaved brewer’s yeast.

The following bacterial type culture strains obtained from the German type
culture collection for microorganisms (DSM, Braunschweig, Germany) were
included in this study: Agrobacterium radiobacter CCM1040, Bacillus subtilis
BD466, Corynebacterium glutamicum ATCC 13032, Escherichia coli K-12 HB101,
Pseudomonas putida PaW340, and Pseudomonas fluorescens ATCC 17533. Sphin-
gomonas paucimobilis HG1 without and with plasmid pSUP202-luc (Cmr luc
[which encodes the firefly luciferase marker gene]) were provided by J. Schie-
mann (Biologische Bundesanstalt, Braunschweig, Germany). Sinorhizobium me-
liloti 2011 (Smr) and L33, a derivative of 2011 with a chromosomal insertion of
the luc gene (64), were gifts from A. Pühler (University of Bielefeld, Bielefeld,
Germany). E. coli XL1Blue pAG108 (Apr Kmr gfp [green fluorescent protein]
[72]), was donated by Andrea Güttler and K. N. Timmis (Gesellschaft für
Biotechnologische Forschung, Braunschweig, Germany). Pseudomonas stutzeri
JM300 (15), genetically engineered with a miniTn5-delivered (25), chromosoma-
lly inserted bph operon (bphDXCBA, 12 kb) as a marker gene (29) and the nptII
gene (Kmr), was constructed and kindly provided by V. Farelly (University of
Nottingham, Nottingham, United Kingdom). E. coli S17-1 pRP4-luc (Tcr luc) is

described in the accompanying paper (38). Saccharomyces cerevisiae WHL202
with plasmid p707, which was originally obtained from H. Wehlmann, Bayer AG,
Wuppertal, Germany (80), with an additional luciferase gene cassette inserted as
an HindIII fragment into the multicloning site, resulting in p707-luc, was con-
structed for this study in our laboratory (unpublished). Additionally, the follow-
ing pure-culture gut isolates of F. candida were included in this study:
Arthrobacter citreus BI90, Alcaligenes faecalis HR4 pRP4-luc (Tcr luc), Pseudo-
monas pseuodoalcaligenes HR1 pRP4-luc (Tcr luc), and Stenotrophomonas mal-
tophilia HR2 pRP4-luc (Tcr luc) (38).

All bacterial strains, which were stored as cryocultures (Mast Diagnostica,
Reinfeld, Germany) at 270°C, were cultivated in YT broth (60). Antibiotics were
added when necessary as sterile filtered solutions after the broth was autoclaved
at the following final concentrations (per liter): 100 mg for ampicillin, 50 mg for
chloramphenicol, 50 mg for kanamycin, 500 mg for streptomycin, and 20 mg for
tetracycline.

The following media, modified when possible with the appropriate antibiotics,
were used to isolate marker gene-tagged monitoring strains from the feces of
F. candida. E. coli S17-1 pRP4-luc, A. faecalis HR pRP4-luc, and Stenotroph-
omonas maltophilia HR2 pRP4-luc were isolated on YT agar. Additionally,
Stenotrophomonas maltophilia HR2 pRP4-luc and also P. putida HR1 pRP4-luc
were cultivated on 10-fold-diluted M9 medium (60) with 5 mM benzoic acid as
the sole carbon source. Sphingomonas paucimobilis HG1 pSUP202-luc was iso-
lated on 10-fold-diluted YT. Sinorhizobium meliloti L33 was selectively cultivated
on nutrient-poor medium (12). Pseudomonas stutzeri JM300 (bph) was cultured
in closed containers on M9 medium without a carbon source, but some crystals
of biphenyl attached to the lids of the petri dishes.

Fungi were cultivated onto yeast malt (YM) agar with 50 mg of chloramphen-
icol liter21 or YM broth cultures, both at pH 6.0 (81). For cultivation of S. cer-
evisiae, YM agar was adjusted after being autoclaved to pH 3.8 (81).

Incubation conditions. Bacterial broth cultures (if not otherwise stated, 100 ml
in 300-ml Erlenmeyer flasks with indentations) were incubated at 28°C, except
with E. coli, which was cultured at 37°C, on a rotary shaker (TM-3; Infors AG,
Basel, Switzerland) at 200 rpm. Cells grown to late log phase were harvested by
centrifugation at 4,100 3 g for 10 min (centrifuge type 5403; Eppendorf, Ham-
burg, Germany). Cells were resuspended in approximately 2 ml of sterile water
containing 0.85% NaCl or, to check feeding activities of F. candida, in 0.03 M
food color (New Coccine, color index 16255; Aldrich-Chemie, Steinheim, Ger-
many) (76).

All experiments with F. candida were conducted with petri dish microcosms.
The petri dishes contained a layer of water-agar (25 ml, 1.5% [wt/vol] covered
completely with a sterile nylon membrane (Hybond N; Amersham, Little Chal-
font, Buckinghamshire, United Kingdom). Depending on the type of experiment,
one or two YTP agar cubes (composition per liter, 2.0 g each of yeast extract
[Serva, Heidelberg, Germany], tryptone [Merck, Darmstadt, Germany], and soy
peptone [Oxoid, Unipath, Wesel, Germany] [pH 7.2] in 1.5% agar; surface size
of cube, 1.3 by 1.3 cm; height, 0.5 cm) were placed in the center (one cube) or in
opposite positions (two cubes) on the membranes. Each cube was then carefully
inoculated with a total of 200 ml of a bacterial cell suspension. This corresponded
to approximately 1010 bacterial cells per agar cube. The petri dish microcosms
were incubated during the experiments at 18°C in the dark.

Microscopy. A binocular stereo microscope (VM-ILA-2; Olympus Optical Co.
Ltd., Tokyo, Japan) was used to observe F. candida specimens in the microcosms
(petri dishes) and to distinguish molting and nonmolting specimens by their
colored gut contents. Living F. candida specimens, fed with green fluorescent
protein (Gfp)-tagged bacterial cells, were also observed with an epifluorescence
microscope (excitation wavelength, 450 to 490 nm; emission filter, 520 nm;
Axioplan; Zeiss, Oberkochen, Germany). Photographs were taken with a model
MC100 camera (Zeiss) with Kodak Gold 400 ASA film.

Samples for both light microscopy and SEM were prepared from F. candida
specimens fed for 3 days with YTP medium, which was colored with 0.03 M New
Coccine in order to distinguish specimens according to their feeding activities.
Specimens with colored gut contents were transferred into test tubes containing
a formaldehyde-glutaraldehyde-fixation solution according to the method of
Karnovsky (43) and additionally 1% Triton X-100 (Sigma Chemical Company,
St. Louis, Mo.) as a detergent. For fixation, the tubes were incubated at 60 kPa
at room temperature overnight. The F. candida specimens were then washed in
0.2 M potassium phosphate buffer (pH 7.0) and incubated in 1% osmium tet-
roxide for 2 h at 4°C. After being washed as described above, the insects were
dehydrated by acetone treatments.

For SEM, the samples were dried at the critical point of CO2 and embedded
in glue mixed with charcoal on an aluminum microscopic slide mount. The
samples were cut sagittally with a razor blade and cold sputter coated with gold.
Feces were prepared by moistening the membrane filter of the feeding chamber
with 500 ml of fixation solution for 1 h. Then, the filter was completely immersed
in the solution and left overnight. The feces were postfixed in 1% osmium
tetroxide and dehydrated. Filter pieces (0.5 by 0.5 cm) were dried at the critical
point of CO2, subsequently mounted on the microscopic slide mounts with
conductive silver, and cold sputter coated with gold. SEM was conducted with a
model 60 microscope (International Scientific Instruments, Tokyo, Japan) at 10
kV. Photographs were taken with Ilford PAN-F50 film.

For light microscopy, dehydrated samples were embedded in epoxy resin (69)
and 0.5-mm sections were prepared with an ultra microtome (MT-7; RMC,
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Tucson, Ariz.). The sections were mounted onto glass slides, air dried, and
stained with basic fuchsin and crystal violet. The sections were embedded in
Entellan (Merck) and sealed with coverslips.

In order to increase the transparency of nonpigmented F. candida specimens,
which was necessary to determine the gut size, whole specimens were incubated
in a 90% lactic acid solution at 70°C for approximately 10 min. The insects were
then carefully transferred with a pipette onto glass slides with cavities and closed
with coverslips for microscopical observation.

Volume determinations of gut and fecal pellets. The gut volumes of F. candida
insects with and without food boluses were determined by taking length and
width measurements by three different microscopical methods: (i) transparent
specimens were treated with lactic acid and examined microscopically, (ii) sag-
ittal sections were examined with a light microscope, and (iii) sagittal sections
were examined with an SEM. For calculation of the volumes it was assumed that
the rod-shaped gut was a cylinder. The volumes of the spherical fecal pellets
released by F. candida were determined by diameter measurements of pictures
taken by SEM.

Quantitative and qualitative characterization of gut microorganisms of
F. candida. Numbers of gut bacteria were determined by collecting specimens
which had been fed with color-labeled autoclaved yeast cells. After 2 days of
feeding, the specimens were anaesthetized with CO2 gas and incubated in 70%
ethanol for 10 s for surface sterilization. A total of 25 specimens were selected,
the gut contents (colored or not colored) were recorded, and each of these
specimens was transferred into a separate 1.5-ml Eppendorf tube (Safe Lock).
The insects were homogenized with a micro-mortar (Eppendorf). Then, 400 ml
of 0.85% NaCl solution was added to each tube and the suspensions with
appropriate dilutions were inoculated onto YT agar containing 100 mg of cyclo-
heximide ml21 to determine bacterial numbers and onto YM agar with chlor-
amphenicol (50 mg ml21) to determine the abundance of yeast cells. Both media
were incubated at 18°C, and CFU were determined after 7 days (YT agar) and
19 days (YM agar) of incubation. Direct counts of gut bacteria could not be
assessed with F. candida homogenates due to the presence of bacterial cells
originating from intracellular structures (mycetocytes).

Colonies with different morphologies were subcultured three or more times
onto the different growth agars to obtain pure-culture isolates. Each strain was
then characterized by their carbon source utilization profile on microtiter plates
(Biolog Inc., Hayward, Calif.) and growth on other selected carbon sources. To
check use of and growth on benzoic acid and on 2-hydroxybenzoic acid, strains
were inoculated onto 10-fold-diluted M9 agar (60) without glucose but with
either 5 mM benzoic acid or 10 mM 2-hydroxybenzoic acid. Cellulose utilization
was determined according to the method of Suyama et al. (73), and chitin
utilization was determined according to the method of Lingappa and Lockwood
(46). Furthermore, fatty acid methyl ester analysis (FAME) was used to differ-
entiate the isolates based upon their lipid compositions (66). Fatty acid patterns
were quantified by use of gas chromatography (49). The Gram stain reaction was
tested according to the method of Powers (56) with 3% aqueous KOH solution.
Finally, the amplified ribosomal DNA restriction analysis (ARDRA) technique
(82) and, with representative isolates, DNA sequencing of the PCR-amplified
16S rRNA genes, as described in the accompanying paper (38), were used to
differentiate and characterize the isolates.

The fungus isolated in this study was identified by the German Type Culture
Collection (Braunschweig, Germany).

Quantitative characterization of fecal microorganisms. To investigate the
ratio of live to dead microorganisms, as well as the ratio of culturable to non-
culturable microorganisms, in the feces a total of 200 specimens of F. candida
were fed with colored, sterile YTP agar. After 2 days, 40 specimens with colored
gut contents were removed from the microcosms and transferred into petri
dishes filled with water-agar. After 4 h, fecal pellets on the water-agar were
counted and suspended in 2 ml of 0.85% NaCl solution. An aliquot (50 ml) of
each suspension was then stained with 0.2 ml of the live/dead stain (Live/Dead
BacLite; Molecular Probes, Eugene, Oreg.) according to the method of
Haugland (35). The viable and nonviable cells were counted in a counting
chamber with a fluorescence microscope (excitation, 450 to 490 nm; emission
filter, 520 nm; Axioplan; Zeiss). Another aliquot of each suspension was inocu-
lated with appropriate dilutions onto YT agar with cycloheximide and plate
count agar (Oxoid, Unipath) and incubated for 7 days at 28°C to determine the
CFU.

Feeding preferences of F. candida. To examine the selective grazing on bac-
terial food, all possible pairwise combinations of the selected bacteria were
tested. The tests were carried out in petri dishes with two food samples on
opposite sides of the dishes as described above. A total of 50 adult animals which
had been starved for 1 day were introduced into the centers of the chambers and
incubated at room temperature in the dark. After 24 h the number of animals
feeding on each sample was recorded. All tests were replicated four times. A
palatability ranking of all tests was set up according to the method of Shaw (67).

Persistence and gut colonization capacities of selected microbial strains. To
study the gut persistence of fed microbial cells, a total of 100 F. candida speci-
mens which had been starved for 1 day were incubated with selected marker-
gene-labeled strains. At the end of the feeding incubation, the animals were
transferred into water-agar petri dish microcosms with central sterile YTP agar
cubes as a food source. At 24-h intervals, F. candida specimens were transferred
into new microcosms to allow daily analysis of the feces. The fecal pellets were

extracted from the water-agar surface with 0.85% NaCl solution and inoculated
onto monitoring strain-specific media and onto YT agar as a control. The ex-
pression of the respective marker genes in grown colonies was determined by
checking for luciferase according to the method of Selbitschka et al. (63) and for
2,3-dihydroxybiphenyl dioxygenase according to the method of Furukawa and
Miyazaki (28).

Impact of passage through the gut on ingested microbial populations. To
determine the period between the ingestion and the release of microbial cells, a
total of 40 starved F. candida specimens were released into a test chamber
without a filter. A streak (1 by 0.1 cm) of living brewer’s yeast cells mixed with
10% (wt/vol) charcoal and 60% (wt/vol) water was placed in the center of each
chamber. A total of 60 chambers were prepared, and every 8 min the populations
of 4 chambers (replicates) were removed. Their feces were examined for black
particles.

The amount of ingested cells of selected bacterial strains by F. candida was
determined in order to allow a quantitative description of the digestion process.
A total of 100 F. candida specimens which had been starved for 1 day were fed
with the selected bacterial strains. The control (no feeding) consisted of cham-
bers with colored food samples but without F. candida. All tests were performed
in triplicate. The chambers were incubated for 48 h at 18°C in the dark. The cells
of the food samples were resuspended in 10 ml of sterile 0.85% NaCl solution,
serially diluted, and incubated on the media selective for the appropriate mon-
itoring strain.

The same test design described above was used to determine the number (per
hour) of fecal bacterial cells released by F. candida. After feeding, 10 specimens
with colored gut contents were collected and transferred into 1.5-ml tubes (Safe
Lock; Eppendorf). The other animals with colored gut contents were transferred
to petri dishes with water-agar. After 4 h, sufficient feces were obtained for
analysis. The insects were removed, and the fecal pellets on the water-agar were
counted (approximately 1,000). The fecal pellets were extracted from the media
as described above. The animals in the Eppendorf tubes were homogenized and
then suspended in 200 ml of NaCl. The feces and homogenate suspension were
serially diluted and inoculated onto the appropriate selective medium or on
nonselective medium as a control.

Statistical methods. The differences of the individual feeding choices were
analyzed by the Mann-Whitney U-test. The uptake and release rates were ana-
lyzed by using one-way analysis of variance.

RESULTS
Structure and microbial colonization of gut and feces. In

order to be able to characterize bacterial densities inside the
gut of F. candida, microscopical determinations of the gut
dimensions of adult specimens were measured by a combina-
tion of three different techniques (see Materials and Methods).
The small foregut (average volume, 0.21 nl) and hindgut (0.06
nl) could be distinguished from the relatively large, rod-shaped
midgut. The midgut volumes of three specimens with gut con-
tents (food bolus) ranged from 5.9 to 11.2 nl. The midgut
volumes of two animals with empty guts were only 0.66 and
1.08 nl. Bacterial cells could be detected in the midgut and in
the folds of the hindgut but not in the foregut.

Microbial colonization of the midgut was analyzed in more
detail by SEM. High numbers of bacterial cells and a few fun-
gal hyphae (not shown) were detected in the food bolus (Fig.
1A). A matrix consisting of mucoid and fibrillic structures, the
peritrophic membrane, was identified between the gut epithe-
lium and the food bolus. Several regions of the peritrophic
membrane were densely colonized with predominantly rod-
shaped, bacterial cells (Fig. 1B). Fecal pellets, which were also
analyzed by SEM, were enveloped by excreted fragments of the
peritrophic membrane (Fig. 1C). Bacterial cells of different cell
morphologies could be detected in this region, as shown in Fig.
1D.

Fecal pellets collected from animals fed with sterile sub-
strate (autoclaved yeast cells) had an average volume of 1 nl.
The total number of bacterial cells per pellet, as detected by
light microscopy, was 1.55 3 104 (1.55 3 1010 cells ml21; four
replicates). Live/dead staining of cells (see Materials and Meth-
ods) revealed that only a small fraction of these cells were dead
(0.0042%). However, only 5.49% (8.51 3 102 CFU per pellet)
of the detected cells were able to grow on YT agar under aer-
obic conditions. Similar results (4.35%) were obtained with
plate count agar as a growth substrate (data not shown).
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Diversity and distribution of gut-associated microorgan-
isms. F. candida specimens were fed with autoclaved color-la-
beled yeast cells for several days before microbial cells were
extracted from the gut. Actively feeding specimens could be
distinguished from other specimens, which were occupied with
molting and not feeding, by their colored gut contents. The
numbers of cultivated heterotrophic and aerobic YT agar-cul-
tured microorganisms isolated from specimens of the feeding
group (15 specimens analyzed) varied by 1 order of magnitude
(1.6 3 104 to 2.7 3 105 CFU specimen21), whereas the num-
bers for specimens from the molting group (10 specimens
analyzed) varied by almost 4 orders of magnitude (4.9 3 102

to 2.3 3 106 CFU specimen21). Molting, a process which
occurred under our selected laboratory conditions at intervals
of approximately 4 days (data not shown), apparently influ-
enced the density of microbial cells in the gut drastically.

The diversity of YT agar-cultured gut bacteria was deter-
mined with five specimens taken from the feeding group. A to-
tal of 45 pure cultures contained organisms that clustered into
11 different types by a combination of Gram staining, physio-
logical testing, fatty acid pattern analysis, and ARDRA (Table
1). Seven types were capable of using aromatic compounds as
growth substrates, but only one type could use cellulose and
chitin. All 11 types were distinguishable by their colony mor-
phologies, and thus, an attempt was made to estimate the
abundance of each type (Table 1). The quantitative relation-
ship of the different types (evenness) was also reflected in the
number of isolates obtained for each type and the number of
F. candida specimens from which they could be recovered. The
most abundant isolates, types 1 and 2, of the representative
strains T101 and T105 were isolated from all five specimens
analyzed and accounted for more than 80% of all isolates. The
gram-negative strain T101, which was characterized by nearly
complete sequencing of the 16S rRNA gene as amplified by
PCR, was related to Erwinia amylovora (96.2% similarity to a
data bank isolate). The gram-positive isolate T105 was tenta-
tively identified as Staphylococcus capitis on the basis of its
carbon source utilization pattern (BiologGP; 98.2% similarity
to a Biolog data bank type strain). Isolate T104 was related to
Pantoea agglomerans (16S rRNA gene). Surprisingly, the bac-
terial isolates of type 4 and type 9 could not be amplified with
eubacterial 16S rRNA gene universal primers in PCRs. A
filamentous fungus isolated from one F. candida specimen was
identified as Arcremonium charticola (data not shown).

Feeding preferences of F. candida and gut persistence of ge-
netically tagged bacterial strains. Twelve different bacterial spe-
cies, including gram-positive and -negative type culture strains

and three strains isolated from the gut of F. candida (see the
accompanying paper by Hoffmann et al. [38]) were fed to
F. candida specimens in pairwise choice tests (see Materials
and Methods). From a total of 66 tests, 22 tests showed signi-
ficant preferences (P , 0.05). F. candida fed on all species
tested, but eight preference classes could be established. P. pu-
tida from a culture collection and all three gut isolates, includ-
ing, with highest preference, strain HR1, with 99.1% 16S rRNA
gene sequence similarity to P. putida (Hoffmann et al. [38]), were
preferred to the other species tested (Fig. 2). E. coli and both
gram-positive bacterial isolates included in this test showed the
lowest preference values.

The persistence and gut colonization capacity of ingested
bacterial cells were specifically monitored by feeding different
bacterial species tagged with a reporter gene (luc or, in the case
of P. stutzeri, bphC). After each strain was fed during a prein-
cubation of several days separately to subgroups of F. candida,
a sterile substrate (YTP agar) was fed to the specimens and the
occurrence of the monitoring strain in feces was analyzed daily.
The gut isolates A. faecalis HR4 and P. putida HR1, both
tagged with plasmid pRP4-luc, could be recovered from feces
over the total monitoring periods of 56 and 20 days, respec-
tively (Table 2). Luciferase-positive colonies with morpholo-
gies different from that of A. faecalis or P. putida occurred
frequently on the detection medium. These cells, which must
have been transconjugants of pRP4-luc (data not shown; for
more information, see the accompanying paper [38]), were not
further analyzed in this study. Transconjugant numbers were
excluded when the persistence of A. faecalis or P. putida was
assessed. The persistence of the other F. candida gut isolate,
Stenotrophomonas maltophilia, was assessed on two different
selective media which were available for this strain: M9 with
benzoic acid as the sole carbon source and YT with tetracy-
cline. The detection periods of 8 and 11 days were similar and
indicated that the detection medium did not dramatically in-
fluence the persistence data obtained for Stenotrophomonas
maltophilia. All other strains tested were less persistent than
the above-mentioned isolates. E. coli cells could be detected
only 1 day after feeding, which indicated that the cells were not
able to colonize and survive in the gut of F. candida.

By using the gfp marker gene, the fate of E. coli cells in
F. candida specimens, which had been fed for several days with
such cells, could be visualized in living specimens directly by
epifluorescence microscopy (Fig. 3). Green fluorescent cells
occurred at high concentrations in the cranial part of the mid-
gut but in decreasing amounts towards the hindgut region. The
hindgut itself did not contain detectable amounts of the green

TABLE 1. Diversity of the most abundant bacteria isolated from the gut of F. candida on YT growth agara

Type Representative
isolate

No. of
isolates

Pattern type by: Carbon utilization
from source: Gram stain

reaction

F. candida
specimen no.

Estimated
abundance (CFU

specimen21)ARDRA FAME BA 2-HB CMC Chitin 1 2 3 4 5

1 T101 9 A1 F6 2 1 2 2 2 x x x x x 1.2 3 105

2 T105 5 A2 F9 2 2 2 2 1 x x x x x 4.2 3 104

3 T104 5 A6 F6 1 1 2 2 2 x x x 1.3 3 104

4 T901 9 NA F2 1 1 2 2 1 x x x 6.6 3 103

5 T107 3 A8 F1 1 2 1 1 1 x 5.2 3 103

6 T1403 4 A5 F4 2 2 2 2 2 x x x x 4.3 3 103

7 T404 3 A3 F7 1 1 2 2 1 x x 3.8 3 103

8 T406 3 A4 F8 2 2 2 2 1 x x x 2.1 3 103

9 T902 1 NA F3 2 2 2 2 1 x 1.2 3 103

10 T109 1 A7 F5 1 1 2 2 2 x 4.0 3 102

11 T407 2 A9 ND 2 1 2 2 2 x ND

a NA, not amplifiable by PCR with the selected eubacterial primers; ND, not determined; BA, benzoic acid; 2-HB, 2-hydroxybenzoic acid (salicylate); CMC,
carboxymethyl cellulose; 2, no growth; 1, growth; x, positive detection.
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fluorescent protein (Gfp). Thus, E. coli cells were lysed dur-
ing the gut passage and the Gfp itself was unstable in the
gut.

Impact of the gut passage on microbial population sizes.
The period between ingestion and excretion of substrate, as
determined with colored autoclaved brewer’s yeast as a food
source, lasted only 35 min under the conditions in our micro-
cosms (data not shown). In order to determine whether this
period was sufficient to account for the persistence values
shown in Table 2, we further quantified the selective force that
was imposed onto ingested bacterial cells during the gut pas-
sage with three bacterial strains, which were presumably dif-
ferent in their rates of survival. In separate microcosms the
strains which were all genetically marked with the luc gene
were fed to F. candida. Uptake and release rates of the mon-
itoring strains as well as their quantitative occurrence in the gut
and feces were analyzed. In accordance with the persistence
data (Table 2), the titer of E. coli cells in the gut was much
lower than that of A. faecalis (Table 3). Surprisingly, Sinorhi-

zobium meliloti occurred at numbers comparable to those of
A. faecalis. In feces, however, the number of detectable Sino-
rhizobium meliloti cells was an order of magnitude below that
of A. faecalis. The titer of E. coli cells in feces was more than
2 orders of magnitude below that of A. faecalis. The ratio of
cells released from the gut to ingested cells demonstrates the
impact of the gut passage on the different bacterial species.
The number of E. coli organisms was reduced over 60,000-fold,
whereas the number of A. faecalis organisms was reduced ap-
proximately 500-fold. The ratio of digested to ingested cells for
Sinorhizobium meliloti was of the same order of magnitude as
that assessed for E. coli, which suggested that these cells were
efficiently excreted from the gut of F. candida.

DISCUSSION

Despite their potential ecological importance for nutrient
cycling in soil, only a few reports which have tried to identify
microorganisms associated with microarthropod guts exist.

FIG. 2. Feeding preferences of F. candida for selected bacterial species as determined in pairwise choice tests. Preference classes (highest palatability, class 1) were
significantly different (P # 0.05). F, gut isolates of F. candida.

TABLE 2. Excretion periods and fecal concentrations of selected bacterial marker gene-tagged strains after pulse feeding of F. candida

Monitoring strain

Last day of: Fecal concn
(CFU specimen21 day21)

Total no. of fecal cells
(CFU specimen21 day21) Preincubation

(feeding) period
(no. of days)c

Detection Observation After 1 day of
observation

At the last day
of detection

After 1 day of
observation

At the last day
of detection

Alcaligenes faecalis HR4 pRP4-luc 56 56 1.71 3 103 5.27 3 101 2.41 3 105 1.07 3 107 4
Pseudomonas putida HR1 pRP4-luc 20 20 3.48 3 105 4.63 3 101 6.07 3 106 1.98 3 106 8
Stenotrophomonas maltophilia HR2 pRP4-luc 8a, 11b 20a, 52b 2.11 3 105 7.51 3 101 5.69 3 106 2.65 3 106 8
Sinorhizobium meliloti L33 7 15 1.11 3 103 9.03 3 101 1.40 3 107 4.67 3 107 5
Sphingomonas paucimobilis HG1 pSUP202-luc 3 7 3.31 3 103 1.40 3 100 9.85 3 106 3.51 3 106 8
Saccharomyces cerevisiae WHL202 p707-luc 3 10 9.62 3 100 1.36 3 1021 7.60 3 106 1.83 3 106 3
Pseudomonas stutzeri JM300 FV1(bph) 2 7 1.53 3 104 1.07 3 100 3.55 3 106 4.26 3 106 6
Escherichia coli S17-1 pRP4-luc 1 4 1.04 3 101 1.04 3 101 2.40 3 105 2.40 3 105 5

a Determined on M9 agar with benzoic acid as the sole carbon source.
b Determined with YT agar with tetracycline.
c Feeding periods of the strains before the beginning of analysis are indicated in the preincubation time. During the detection period, F. candida was fed with sterile

substrate.
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Compared to gut volumes found for a selection of macro-
arthropods, which ranged from 10 ml to 1 ml (16), the gut
volume of the representative microarthropod in this study,
F. candida, was 3 to 6 orders of magnitude lower. Earlier in-
vestigations considered that, due to the small gut volume, mi-
crobial populations in the guts of microarthropods might be
affected only by the habitat of the insect (70) or by their feed-
ing preferences (19, 77). SEM analysis of F. candida speci-
mens, which had previously been fed with organic, fungus-
colonized substrates, detected fungal mycelia and few bacterial
cells in the midgut. However, in our study, dense layers of
bacterial cells and only a few fungal hyphae which were asso-
ciated with the food bolus were found in the midgut. Bacterial
cells were either attached to the peritrophic membrane or visi-
ble as single cells or microcolonies in the food bolus. The de-
tected microorganisms could not originate from the food source,
as suspected by Tochot et al. (77) in the previously mentioned
study, because for this experiment in our investigation the
analyzed specimens had been fed only with sterile agar.

Our microscopical analysis confirms the finding of a previous
report that in the midgut a peritrophic membrane layer exists
between the gut epithelium and the food bolus (39). Such peri-
trophic membranes, which commonly occur in more highly
evolved insects, are considered to protect the midgut epithe-
lium from abrasion and act as a barrier to prevent microbial
infections (8, 59). In our investigation, several regions of the
peritrophic membrane were densely, as in a biofilm, colonized
by bacterial cells. Similar colonizations have been found for the
peritrophic membranes of the house cricket, Acheta domestica
(79), and termites (9). Because the peritrophic membrane is
not permeable for particles of the sizes of bacterial cells (59),
the origin of bacterial colonization is still unclear to us. SEM
analysis of F. candida feces showed that the peritrophic mem-
brane was excreted and thus that associated bacteria are also
transported to the outside of the insect. Differential staining
techniques of fecal bacteria in our study indicated that a large
proportion of fecal bacteria was viable but not culturable by
the selected cultivation technique. Possibly, these cells origi-
nated from the peritrophic membrane. Nonculturable bacterial
cells have been found on the epithelia of the hepatopancreases
of the isopods Oniscus asellus and Porcellio scaber (85).

To understand the specific conditions which exist for micro-
bial communities in the guts of collembolans, it is important to
consider that molting occurs frequently throughout the entire
life cycles of these insects. For F. candida the period from one
instar to the next lasted approximately 4 days, as was detected
in our own investigation, and in a more detailed fashion, in
another study (68). During the molting process, the whole cu-
ticle, including the fore- and hindgut as well as the midgut
epithelium, is completely regenerated. While occupied with
molting, the insects stop feeding, possibly because gut condi-
tions are not suitable for digestion processes (42, 75). This phe-
nomenon resulted in approximately 20% nonfeeding speci-
mens in our microcosms and in the gene transfer studies
described in the accompanying paper (38). The number of
cultured gut bacteria was relatively constant (approximately
105 CFU per specimen) when the insects were feeding but
ranged over 4 orders of magnitude, with titers from 102 to 106

CFU per specimen, when molting specimens were analyzed.
Thus, the gut represented a highly changeable habitat for mi-
croorganisms and, since there was considerable growth of bac-
terial populations every 4 days, the bacteria that inhabit the gut
should be in a metabolically active state.

The diversity of bacteria isolated from the gut of F. candida
onto a nonselective growth agar is remarkable, especially if one
considers that the analyzed specimens originated from breed-

FIG. 3. (A) Epifluorescent microscopic photograph of a living F. candida
specimen (length, 2 mm), which had been fed for several days with a recombi-
nant, green fluorescent protein-expressing E. coli strain. The insect was trapped
in a Saran Wrap bulb, which explains the circular boarder line around the
specimen. (B) SEM micrograph of the abdominal, ventral region of F. candida to
demonstrate the position of the anus (an). Also visible are the forked springing
organ (furca [fu]) and the genital opening (gonopore [gp]).
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ing stocks which were not kept under sterile conditions but
which were fed for 2 years with sterile substrates (autoclaved
brewer’s yeast). A total of 11 different types of bacteria were
isolated. In the accompanying paper, another 15 strains, all of
which were gram-negative members of the class Proteobac-
teria, were isolated under more stringent conditions from
the same environment (38). In this study, two types of bacteria
accounted for more than 80% of the isolates, but it has to be
recognized that cultivation-dependent methods do not neces-
sarily reflect actual quantitative relationships in natural micro-
bial communities (83). However, it is noteworthy that the most
dominant isolate was closely related to the fire blight-causing
plant pathogen Erwinia amylovora (7). In contrast to the diver-
sity of bacteria isolated, only one fungus, Acremonium charti-
cola, was isolated. According to the Centraalbureau voor Schim-
melcultures, this species has been isolated from a large variety
of different environmental samples, most of which had cellu-
lose as a substrate (17). Since F. candida naturally feeds on
cellulose-containing substrates, we suppose it would be advan-
tageous for the insects if cellulose-degrading microorganisms
lived in their guts. The symbiotic effect of chitin-degrading bac-
teria in the gut of F. candida has been shown in another study
(10).

The diversity of bacteria, as well as the feeding preference of
F. candida for its own gut bacteria, which we detected in
pairwise choice tests with a selection of bacterial species, indi-
cated that F. candida harbored a specific gut microbial com-
munity. The most convincing support for this hypothesis, how-
ever, was obtained by feeding marker-gene-selected bacterial
strains to F. candida and monitoring the selective activity of the
gut environment imposed onto these ingested cells. By this
means we were able to determine that indigenous gut isolates
were able to colonize this environment but that other species,
like E. coli, were eliminated very efficiently. The gut passage in
F. candida lasted only 35 min. Gorbenko et al. (30) found that
the gut passage of ingested material in wood lice and millipeds
lasted for 15 to 18 h and in earthworms lasted for approxi-
mately 5 h. The selective force imposed upon ingested cells by
the gut passage in F. candida must have been very strong. E.
coli cell populations decreased by over 60,000-fold within this
short period, but the ingested, gut-isolated strain A. faecalis
HR4 decreased only 500-fold. Considering the differential per-
sistence of these two strains in the gut, the differences in their
levels of selection by F. candida become even more drastic.
Other studies with invertebrates confirm that some ingested
bacteria can persist in the gut and that others are digested
efficiently, depending on the species (3, 18, 52, 54, 55). This
activity modifying the composition of mixed microbial pop-
ulations must also be considered when the potential envi-
ronmental spread of genetically engineered or pathogenic
microorganisms is assessed (1, 2, 14, 20, 24, 26, 36, 37, 78). The

physiological capacities which decide whether a bacterial spe-
cies is capable of colonizing a gut habitat or whether it is
eliminated might correlate with the ability to attach to the gut
epithelium, preferentially in the hindgut region (3, 21, 32), but
there may also be other, not yet characterized mechanisms of
gut colonization.
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