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Introduction
Importance of termites
Termites are terrestrial, social insects that inhabit nearly two-thirds of the Earth’s land
surface between 45° N and S latitude (Wood and Sands, 1978), but are also present in
temperate zones (e.g., Marini and Mantovani, 2002). Their numbers can exceed 6000
individuals per m2, and their biomass often surpasses that of mammalian herbivores
(Lee and Wood, 1971; Collins, 1989), which already indicates their enormous
ecological impact.
Besides their ecological importance, also the commercial relevance of termites is
immense: Damages caused by termites make them a worldwide pest; e.g., solely the
Formosan termite Coptotermes formosanus is responsible for more than one billion US$
per year in the USA for preventive and remedial treatment (Lax and Osbrink, 2003).

Phylogeny of termites
Termites (order: Isoptera) make up, together with mantids and cockroaches, the most
primitive winged terrestrial insect taxon, the Dictyoptera (Deitz et al., 2003). The
Isoptera are divided, dependent on the reference, in six or seven families (Noirot,
1992; Abe et al., 2000), which can be further separated into evolutionary lower and
higher termites (Fig. 1).
Higher termites are differentiated from lower termites mainly by the absence of
symbiotic flagellates in their enlarged hindgut. The loss of these symbiotic
microorganisms in the course of evolution is most likely due to the changed feedinghabit of these species, most of which feed on soil or cultivate fungi in their mounds as
symbiotic partner for the digestion of wood (Noirot, 1992). Phylogenetically lower
termites, in contrast, depend on symbiotic protozoa in their intestinal tract for the
degradation of lignocellulose (Cleveland, 1926).
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(Protozoa)

(No protozoa)

Figure 1: Schematic outline of the phylogenetic relationships among the different termite
families and the closely related cockroaches. The numbers on the lines represent the number of
genera/species in the different families (modified from Abe et al., 2000).

The gut system of lower termites
In the last 20 years much work was done to describe the termite gut micro ecosystem
(for review, see Breznak, 2000; Brune, 2004). The digestive processes in the rather small
midgut are most probably largely controlled by the activity of host enzymes, whereas
the digestion in the enlarged hindgut involves symbiotic microorganisms.

Microorganisms
Termite guts are densely colonized by symbiotic microorganisms, most of which are
presumably involved in different steps of the fermentation of lignocellulose. The
midgut contains a purely prokaryotic microbiota, whereas the hindgut is colonized by
prokaryotes and special single-celled eukaryotes. As a result of the microbial activities,
high concentrations of fermentation products accumulate in this system (for review,
see Breznak, 2000).
Prokaryotes
Emphasis of the research on this micro ecosystem in the last years was concentrated
on the function of the prokaryotic microorganisms. Important metabolic functions
attributed

to

the

prokaryotic

community

include

reductive

acetogenesis,
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methanogenesis, nitrogen fixation, and uric acid fermentation (for review, see Breznak,
2000).
The identification of the microbial community in termite guts is based mainly on
molecular tools (Berchtold et al., 1999; Lillburn et al., 1999; Schmitt-Wagner et al.,
2003a). Phylogenetic analysis of the 16S rRNA genes of bacteria in the hindgut of
Reticulitermes speratus revealed that two-thirds of the clones bore less than 90% sequence
similarity to those of known, cultivated organisms, and even included clones that
could not be assigned to any known bacterial phyla (Ohkuma and Kudo, 1996;
Hongoh et al., 2003). These results indicate that most of the prokaryotes in the
hindgut of lower termites are specific for, but also restricted to this habitat.
Termite gut flagellates
The first work on the benefical nature of the termite gut protozoa, which were
considered as parasites since their discovery in 1856 by Lespes (see Leidy, 1881), was
reported by Cleveland (1926), who could show that termites don’t survive for longer
periods after elimination of the flagellates. The importance of the flagellates for the
termite host is reflected by their high abundance in this micro ecosystem: In the case
of Reticulitermes flavipes, e.g., their numbers may exceed 20,000 organisms per hindgut
(Cook and Gold, 1998), which has only a volume of approx. 0.7 µl (Tholen and
Brune, 2000). The high concentration of protozoa within lower termites leads to the
fact that their fresh weight may account for more than one half of the fresh weight in
Zootermopsis spp. (Katzin and Kirby, 1939).
First studies on the anaerobic nature and the fermentation of cellulose by termite
gut flagellates were performed by Hungate in the 1940s (for review, see Hungate,
1955). The work of Hungate with gut suspensions and mainly the work of Odelson
and Breznak with pure cultures of Trichomitopsis termopsidis (Odelson and Breznak,
1985a; Odelson and Breznak, 1985b) lead to the current hypothesis for the metabolic
function of the flagellates in the hindgut: Wood particles are chopped up
mechanically and enzymatically by the termite, and enter the hindgut where they are
phagocytosed by protozoa. The polysaccharides derived from the lignocellulose are
degraded to pyruvate, which is then transported into the hydrogenosomes and further
fermented to acetate, CO2 and H2 (for review, see Radek, 1999). The production of
hydrogen is documented by the partial pressure inside the gut, which can exceed 5 kPa
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in Reticulitermes flavipes (Ebert and Brune, 1997), and also the acetate concentrations in
termite guts gut are considerably high (for review, see Breznak, 2000). Acetate is taken
up by the termite and is thought to be the main electron donor in their respiratory
chain (Fig.2; for review, see Brune, 2003).

Figure 2: Schematic view of the trophic interactions in lower termites. Taken from Radek (1999).

The 434 species of termite gut flagellates listed by Yamin in 1979 are assigned to
two distinct taxa: Parabasalia (including hypermastigid and trichomonad flagellates)
and Oxymonadida. All of the physiological work on termite flagellates, and therefore
also the current hypothesis, is based on relatively little information obtained with pure
cultures of parabasalids. For oxymonads, the physiology seems to be different, but
hasn’t found the attraction of the researchers yet. These protists do not possess
hydrogenosomes (Bloodgood et al., 1974; Radek, 1994) and their physiology is
completely in the dark, but the importance of lactate in the wood-feeding lower
termite Reticulitermes flavipes (Tholen and Brune, 2000), where oxymonads are most
abundant (Cook and Gold, 1998), may be an indication of other possible
fermentations by termite gut flagellates. But, mainly a lack of pure cultures has
hampered the studies on these flagellates.
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Associations of termite flagellates with prokaryotes
Although it has been known for a long time that many protozoa in the termite gut are
associated with prokaryotes (Kirby, 1941; Ball, 1969; Bloodgood and Fitzharris, 1976;
Dolan, 2001), Berchtold et al. (1999), using fluorescence in situ hybridization (FISH),
were the first ones to recognize that flagellate-associated bacteria account for the vast
majority (approx. 90%) of the total prokaryotes in the dilated part of the hindgut of
Mastotermes darwiniensis. Therefore, to clarify the most important functions of
prokaryotes in the termite gut, the bacteria associated with the flagellates must be
investigated in more detail. Until now, nearly nothing is known on the function of
these associated bacteria. Only in two cases of bacteria attached to the surface of
flagellates, a function in moving of the protozoan host was shown (Cleveland and
Grimstone, 1964; Tamm, 1982). The postulated involvement of epibiotic bacteria in a
chemotaxis towards acetate of the flagellate Streblomastix strix (Dexter and Khalsa,
1993) seems to be unlikely, because acetate concentrations in termite guts are very high
(for review, see Breznak, 2000). The function and physiology of the endobiotic
bacteria of termite gut flagellates is, like the physiology of all the epibiotic bacteria of
termite gut flagellates, completely unknown. Also the phylogenetic position of the
flagellate-associated bacteria is in nearly all cases unknown. Only for certain
spirochetes attached to the surface of certain flagellates (Iida et al., 2000; Noda et al.,
2003), and the epibiotic bacteria involved in the movement symbiosis of Mixotricha
paradoxa (Wenzel et al., 2003), the phylogeny of the symbiotic bacteria was clarified.

The aims of the study
Symbiotic flagellates can occupy up to 95% of the volume in the hindgut of
Mastotermes darwiniensis (Berchtold et al., 1999) and although nearly all flagellates are
associated with prokaryotes, and these prokaryotes represent more than 85% of the
total prokaryotes in the hindgut (Berchtold et al., 1999), they have not been in the
focus of research yet.
The main focus of the investigations described in this dissertation concerned the
peculiar, tripartite symbiosis of termites, flagellates, and prokaryotes. By combining
molecular tools with different microscopic techniques, the experimental work was
aimed to clarify (1) the specificity of the symbioses between bacteria and flagellates, (2)
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the phylogeny of endosymbiotic bacteria located in the cytoplasm of hypermastigid
and oxymonad flagellates, and (3) the phylogeny of the epibiontic symbionts attached
to certain hypermastigid flagellates.

2

Phylogenetic diversity and whole-cell hybridization of
oxymonad flagellates from the hindgut of the woodfeeding lower termite Reticulitermes flavipes
Ulrich Stingl and Andreas Brune
Published in Protist 154, 147–155 (2003).

Abstract
SSU rRNA genes of oxymonad protists from the hindgut of the wood-feeding termite
Reticulitermes flavipes were PCR-amplified using a newly designed oxymonad-specific
forward primer and a newly designed reverse primer specific for termite gut flagellates.
After cloning, the clone library was sorted into four groups by RFLP analysis, and
nearly full-length SSU rRNA gene sequences were obtained for representative clones
from each group. Phylogenetic analysis revealed that sequences of all four groups
formed a monophyletic cluster with the only other existing SSU rRNA gene sequence
of oxymonads. Using whole-cell hybridization with clone-specific fluorescently labeled
probes, each of the four clone groups could be assigned to a specific morphotype,
which were identified as Dinenympha gracilis, Dinenympha fimbriata, and so-far
undescribed species of Pyrsonympha and Dinenympha. Our results demonstrate that the
morphological variety of oxymonads is not caused by the presence of different
developmental stages of the same organism, but that the various morphotypes
represent different species.
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Introduction
The hindgut of lower termites is filled with a variety of flagellate protists; 75 years ago,
it was established that they are symbionts involved in the digestion of lignocellulose
(Cleveland, 1926). A single termite hindgut can contain up to 600,000 flagellates,
whose weight can account for up to 33% of the total fresh weight of a termite
(Hungate, 1955), impressively demonstrating the importance of the flagellates for the
metabolism of the host. More than 430 different species of flagellate protists from
lower termites have been described, and all of them belong to one of three orders:
Trichomonadida, Hypermastigida, and Oxymonadida (Inoue et al., 2000; Yamin,
1979).
It is commonly assumed that termite gut flagellates are strictly anaerobic and
ferment cellulose to acetate, carbon dioxide, and hydrogen (Breznak and Brune, 1994;
Radek, 1999). However, the few physiological studies have been performed exclusively
with cultures of flagellates of the orders Hypermastigida and Trichomonadida
(Odelson and Breznak, 1985; Yamin, 1980; Yamin, 1981). In the case of oxymonads,
no cultures are available, and nothing is known about their physiology and
metabolism.
Oxymonad protists are regularly encountered in almost all species of lower termites
and in the closely related wood-feeding cockroaches of the genus Cryptocercus (Yamin,
1979). In Reticulitermes flavipes, they represent by far the most abundant flagellates
(Cook and Gold, 1998), and four different species, all belonging to the family
Pyrsonymphidae, have been described (Yamin, 1979): Dinenympha gracilis Leidy,
Dinenympha fimbriata Kirby, Pyrsonympha vertens Leidy, and Pyrsonympha major Powell.
The situation is similar in other termites of the genus Reticulitermes, which harbor
various other Dinenympha and Pyrsonympha species. However, owing to variations in
size and shape, and a lack of reliable morphological features for species distinction,
the taxonomy of this group of oxymonads remains controversial (reviewed by Smith et
al., 1975). It has been proposed that Pyrsonympha and Dinenympha species might
actually belong to the same genus (e.g., Hollande and Carruette-Valentin, 1970), or
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might even represent different developmental stages of the same organism (Smith et
al., 1975).
Morphological and ultrastructural features clearly indicate that there is no close
phylogenetic relationship between parabasalid (hypermastigotes and trichomonads)
and oxymonad protists (Cavalier-Smith, 1993). The latter were originally considered to
be affiliated with diplomonads and retortamonads in the phylum Metamonada
(Cavalier-Smith 1993). Recently, however, Dacks et al. (2001) obtained a single SSU
rRNA gene sequence from a Pyrsonympha species from the hindgut of Reticulitermes
hesperus. Comparative sequence analysis provided evidence that oxymonads are not
early branching eukaryotes like the Metamonada, but are more closely related to
members of the genus Trimastix.
Molecular approaches not only help to elucidate the phylogenetic position of
oxymonads, but make it possible to determine whether all morphotypes of oxymonads
encountered in the hindgut of, e.g., Reticulitermes flavipes, are in fact different species.
In order to obtain additional SSU rRNA gene sequences of oxymonads and to
correlate sequences with specific morphotypes, we (1) performed a phylogenetic
analysis of oxymonads in R. flavipes, (2) designed clone-specific probes against
phylogenetically distinct groups, and (3) assigned each clone group to the respective
morphotypes by fluorescence in situ hybridization (FISH).

Results
Cloning and phylogenetic analysis
With the newly designed oxymonad-specific forward primer Oxy143f and the termite
flagellate-specific reverse primer TF1500r (Tab. 1), PCR products of ~1900 bp were
obtained. This length is in agreement with the length of the single oxymonad sequence
published by Dacks et al. (2001). PCR products were cloned and inserts of the
expected length were obtained from 52 of 58 randomly selected clones. The clones
were sorted by their RFLP patterns into four different clone groups (A–D) comprising
26 (A), 19 (B), 1 (C), and 6 (D) clones, respectively. For each clone group, a randomly
chosen clone was fully sequenced (Table 2). Additional clones [3 (A), 2 (B), 2 (D)] from
each clone group were partially sequenced. Since the partial sequences (~ 600 bp) were
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identical to those of the fully sequenced clones, the clone groups were considered
homogeneous.
The SSU rRNA gene sequences of the four clones representative for clone groups
A–D ranged in length from 1886 to 1939 bp. All sequences had a G+C content of
approximately 49 mol%. A BLAST search (Altschul et al., 1997) revealed that all four
sequences had the highest similarity (86–90%) to the Pyrsonympha SSU rDNA sequence
obtained by Dacks et al. (2001). A detailed phylogenetic analysis showed that the four
oxymonad sequences from Reticulitermes flavipes formed a monophyletic cluster with
the Pyrsonympha sp. sequence from Reticulitermes hesperus. The clustering of the
oxymonad sequences with Trimastix was weakly supported by low bootstrap values in
parsimony analyses (Fig. 1).

Cryptomonada

Acanthamoeba

Fungi
Apicomplexa
Ciliophora

Viridiplantae
Oikomonas mutabilis
93

91

95

100
99

Hexamita inflata

65

54

97

Pyrsonympha sp. (AF244906)
Pyrsonympha sp. (Clone 10, AY137595)
Dinenympha fimbriata (Clone 5, AY137593)
88
Dinenympha sp. (Clone 36, AY137592)
Dinenympha gracilis (Clone 24, AY137594)
99

Trypanosoma brucei

Giardia duodenalis
Parabasalia

Trimastix pyriformis (AF244903)
Trimastix pyriformis (AF244904)
Trimastix marina (AF244905)

91

Entamoeba histolytica

0.10

Figure 1:
Phylogenetic tree of SSU rRNA gene sequences showing the position of the
oxymonad clones from Reticulitermes flavipes obtained in this study (marked in bold) relative
to the Pyrsonympha clone from Reticulitermes hesperus, the members of the genus Trimastix,
and 75 selected eukaryotic taxa. The numbers next to the nodes show the respective
bootstrap value in percent for 1000 calculated trees (maximum-parsimony algorithm); only
values > 50% are shown. The accession numbers of relevant sequences are shown behind
the species name. Bar represents 10 substitutions per 100 nucleotides.

Sequence similarities among the clones obtained in this study ranged from 86 to
97%. Clones 5, 24, and 36 were more closely related to each other (91–97% sequence
similarity) than to clone 10 (86%–87% sequence similarity, respectively), whose
sequence was more similar to the published Pyrsonympha sequence (90% sequence
similarity) (Fig. 1). Sequence similarities between oxymonads and members of the
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genus Trimastix were less than 76%. Dacks et al. (2001) had pointed out already that
the SSU rRNA gene of Pyrsonympha sp. from R. hesperus, due to a slight expansion of
the hypervariable regions, was considerably longer than that of other eukaryotes. We
found that the same was true for all oxymonad sequences obtained in this study. The
increase in length was caused by two moderately conserved regions (~ 50 and ~ 110
bp) with sequence similarities of 80–95% and 57–84%, which were inserted at E.coli
positions 594 and 651 into the common alignment of SSU rRNA genes of other
Eukarya. Since these regions were present in all oxymonad SSU rRNA genes so far
investigated, they might be a common characteristic of this taxon. Among all 75
sequences of eukaryotic taxa included in the alignment, only those of ancanthamoebae
had additional bases inserted at E. coli position 594, but there was no obvious
homology to the respective insert in oxymonads.
Table 1. Newly designed primers used for PCR amplification and sequencing of
oxymonad SSU rRNA genes.
Primer name

Sequence (5’→3’)

Oxy143f

AGT GAC GTT ACT ACT CGG ATA

Oxy514r

CAG ACT TGC CCT CTA ATG G

Oxy974f

GGG AAA CTT ATC AGG TTC GG

Oxy497f

CCA TTA GAG GGC AAG TCT G

Oxy993Rr

CCG AAC CTG ATA AGT TTC CC

TF1500r

TTA CGA CTT CTC CTT CC

Assignment of clones to morphotypes
Using

the

sequence

alignment

of

all

oxymonad

sequences,

clone-specific

oligonucleotide probes were designed against variable regions of the SSU rRNA
molecule for each clone group using the probe-design function of the ARB software
package, and taking into account the corresponding secondary structure of the rRNA
(Table 2). The hypervariable regions of the gene were avoided since they might not be
present in the processed rRNA molecule (Maurel, 1992).
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In situ hybridization performed with fixed suspensions of gut flagellates of R. flavipes
showed strong and specific fluorescence signals with probes Oxy-B and Oxy-C, whereas
probes Oxy-A and Oxy-D did not hybridize even under low-stringency conditions (0%
formamide). For hybrization with these probes, unlabeled oligonucleotides were
designed to bind to the complementary positions of the binding site of the probes
based on the secondary structure of the respective rRNA molecule following the
observations of Fuchs et al. (2000). After addition of the helper probes (Oxy-A-H and
Oxy-D-H, respectively), strong signals were also obtained under highly stringent
conditions (20% formamide) with probes Oxy-A and Oxy-D.
All group-specific probes only hybridized with a single morphotype, and the
specific fluorescence signal was clearly distinguishable from background fluorescence,
which was exhibited by all flagellates (Fig. 2). The background fluorescence was not
due to unspecific binding of the probes, but was also present without fluorescently
labeled probe (not shown). Probe Oxy-A (specific for the sequence of clone 5)
hybridized only with flagellates that had the distinct morphotype of Dinenympha
fimbriata (Kirby, 1924) including an average length of 35 µm and an average width of
about 7 µm (Fig. 2A), the presence of large numbers of epibiotic bacteria, and the
presence of wood particles in the cell. Probe Oxy-B (specific for the sequence of clone
24) hybridized only with flagellates that had the distinct morphotype of Dinenympha
gracilis (Leidy, 1877). Although their size was similar to that of D. fimbriata, they could
be clearly distinguished by their more twisted shape, the absence of large numbers of
epibiotic bacteria, and the absence of wood particles in the cells (Fig. 2B). Probe Oxy-C
(specific for the sequence of clone 36) hybridized with flagellates resembling the
morphology of Dinenympha species (Koidzumi 1921). These protists had epibiotic
bacteria like D. fimbriata and also contained wood particles, but did not have its
typical shape (Fig. 2C). The length of these more sack–like morphotypes was 40–45
µm; the width was 20–25 µm at the posterior end and 5–12 µm at the anterior end.
Moreover this morphotype is distinguished from all other forms described above by
its curved shape (Fig. 2C). These differences led us to assume that this morphotype
represents a third, hitherto undescribed species of Dinenympha in this termite. Probe
Oxy-D (specific for the sequence of clone 10) hybridized with flagellates resembling
the distinct morphology of species of the genus Pyrsonympha as described by Koidzumi
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(1921). They had an average length of 55 µm and an average width of 12 µm and were
obviously smaller and more twisted than the second, more abundant Pyrsonympha
morphotype, Pyrsonympha vertens (Leidy, 1877) (Fig. 2D). The latter, however, did not
hybridize with probe Oxy-D (Fig. 2D) or any other of the clone-specific probes (not
shown). Apparently, R. flavipes harbors a second not-yet described Pyrsonympha species
in its hindgut.
All oxymonad morphotypes in the suspension hybridized with probe Oxy1270,
which reportedly also hybridized with all oxymonad morphotypes in R. speratus (Dacks
et al. 2001) and appears to be an oxymonad-specific probe. Double-hybridization with
a mixture of all newly designed Cy3-labeled clone-specific probes (Oxy A-D) and a
fluorescein-labeled Oxy1270 probe (10% formamide, not shown) confirmed that all
clone-specific probes together covered all oxymonad morphotypes in R. flavipes with
two exceptions: Pyrsonympha vertens (see above) and a fourth Dinenympha morphotype,
similar in size and shape to that of D. fimbriata, but not possessing epibiotic bacteria.
The morphotypes that hybrized with probes Oxy-A and Oxy-B (D. fimbriata and D.
gracilis) were most abundant in the hindgut, whereas the other morphotypes
[Dinenympha sp. (Oxy-C), Pyrsonympha sp. (Oxy-D), P. vertens (no SSU rRNA gene
sequence) and the fourth Dinenympha sp. (no SSU rRNA gene sequence)] always
occurred in lower numbers.
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Figure 2:
A–D: Phase-contrast and epifluorescence photomicrographs of termite gut
flagellates hybridized with Cy3-labeled group-specific oligonucleotides probes OxyA–D.
Abbreviations: Df, Dinenympha fimbriata; Dg, Dinenympha gracilis; Dsp, Dinenympha sp.; Pv,
Pyrsonympha vertens; Psp, Pyrsonympha sp. Background fluorescence was not due to
unspecific binding of the probes, but was also present if no probes were added. Bar
represents 50 µm and applies to all images.

Discussion
Phylogeny of oxymonads
For a long time, oxymonads were a group of uncertain phylogenetic position. Owing
to the lack of organelles and the possession of four anterior basal bodies, they had
been classified as archaezoa, i.e., early-branching primarily amitochondriate
eukaryotes, and have been placed, together with other amitochondriate protists such as
diplomonads and retortamonads, in the phylum Metamonada (Cavalier-Smith, 1993;
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Patterson, 1999). This classification was put to question by the results of a
phylogenetic analysis of the gene sequences of elongation factor 1α and α-tubulin
from Dinenympha exilis and Pyrsonympha grandis, respectively (Moriya et al., 1998;
Moriya et al., 2001), which showed that the oxymonads are an independent, but earlybranching lineage. Recently Dacks et al. (2001) analyzed the first oxymonad SSU
rRNA gene sequence obtained from a Pyrsonympha species and proposed that
oxymonads are a sister group of the excavate taxon Trimastix and that both groups are
not closely related to any currently established eukaryotic lineage. Our results
demonstrate that all five oxymonad sequences that are now available form a
monophyletic group (Fig. 1) and are in agreement with the hypothesis that oxymonads
are not early-branching eukaryotes, but are the closest relatives of the genus Trimastix
(Dacks et al., 2001).
Correlation of morphotypes and genotypes
Dinenympha and Pyrsonympha species are among the most abundant flagellates in the
hindgut of Reticulitermes spp. and occur almost exclusively in termites of this genus
(Yamin, 1979). More than 20 Dinenympha and Pyrsonympha species have been described
(Yamin, 1979), but owing to the lack of reliable taxonomic features, there is
considerable uncertainty and even disagreement over their taxonomic status. Many
authors have questioned the validity of the generic differentiation (e.g., Hollande and
Carruette-Valentin, 1970) or have even postulated that the different morphotypes
within a hindgut represent nothing but developmental stages of the same species
(reviewed by Smith et al., 1975).
Our results show that each of the different morphotypes of oxymonad flagellates in
Reticulitermes flavipes hybridizes with oligonucleotide probes specific for a different
genotype. Therefore, we conclude that the formerly described forms of Dinenympha
fimbriata, Dinenympha gracilis, and the so-far undescribed Dinenympha sp. and
Pyrsonympha sp., which hybridize with probes Oxy-C and Oxy-D, respectively, are in
fact different species and not developmental stages of the same organism. In addition,
our results also explain that the reason why all oxymonads in Reticulitermes hesperus
hybridized with the probe Oxy1270 (Dacks et al., 2001) is not because all morphotypes
are variants of the same species. Rather, probe Oxy1270 seems to be a group-specific
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probe for all oxymonads, since the binding site is present in all oxymonad sequences
so far available.
According to the original descriptions, Pyrsonympha vertens (Leidy, 1877) is the only
Pyrsonympha species described for R. flavipes. Pyrsonympha major (Powell, 1928),
originally described for R. hesperus, seems to be the same morphotype as P. vertens in R.
flavipes. This was already pointed out by Mannesmann (1969), but misinterpreted by
Yamin (1979), which created the false impression that the occurrence of two different
species of Pyrsonympha in R. flavipes had been already established. Nevertheless, our
results prove that there is in fact a second type of Pyrsonympha present in R. flavipes
that is genetically and morphologically different from P. vertens and most likely
represents a second, hitherto not described species. The fact that we did not obtain a
SSU rRNA gene sequence for P. vertens might be explained by mismatches in the
primer sequence. It is also possible, but less likely, that P. vertens clones had the same
digestion pattern as one of the other clone groups and were missed in the screening of
the clone library. The same might be true for the fourth Dinenympha morphotype,
which hybridized only with the oxymonad probe Oxy1270 and not with the probes
introduced in this study.
In conclusion, this study revealed an unexpected phylogenetic diversity of
oxymonads in the hindgut of R. flavipes. Although a variety of genotypes were
detected, not all oxymonad morphotypes were covered, indicating that the taxonomy
of this group is far from being described. For the first time, SSU rRNA gene sequences
could be assigned to distinct morphotypes, providing substantial information for
further taxonomic work.

Materials and Methods
DNA extraction
Reticulitermes flavipes (Kollar) was collected near Dansville, Mich. (USA). Termites were
maintained in the laboratory in polyethylene containers on a diet of pine wood and
water. Twenty undifferentiated worker larvae (beyond the third instar) were dissected,
and their hindguts were pooled in 800 µl of sterile phosphate-buffered saline (PBS;
0.13 M NaCl, 7 mM Na2HPO4, and 3 mM NaH2PO4; pH 7.4). DNA was extracted
following the bead-beating protocol of Henckel et al. (1999), which yielded 1.4 µg of
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DNA per hindgut. The DNA pellet was resuspended in 100 µl distilled sterile water
and stored at –21 °C. The DNA concentration was determined using a fluorometric
assay with a DyNA Quant 200 (Hoefer, Germany) using calf thymus DNA as a
standard.
PCR and primers
PCR reactions were performed in a Mastergradient thermocycler with the MasterTaq
DNA polymerase kit (both Eppendorf, Hamburg, Germany) in a total reaction
volume of 50 µl, using 0.3 ng of the extracted DNA as template. The program started
with a denaturing step of 3 min at 90 °C, followed by 31 cycles of 1 min at 94 °C, 30
s at 53 °C, 1 min at 72 °C, and a final extension step of 7 min at 72 °C. The optimal
annealing temperature of 53 °C was determined using a gradient of annealing
temperatures (48–60 °C), where the lowest temperature without nonspecific primer
binding was chosen.
The oxymonad-specific forward primer Oxy143f (Tab. 1) was designed on the basis
of the only available oxymonad SSU rDNA sequence, published by Dacks et al. (2001).
The termite-flagellate-specific reverse primer TF1500r (Tab. 1) was designed based on
an alignment of all available termite flagellate SSU rRNA gene sequences, using the
primer-design function of the ARB software package [version 2.5b; O. Strunk and W.
Ludwig, Technische Universität München, Germany (http://www.arb-home.de)].
Success of the PCR was checked by electrophoresis using agarose gels (1%) and
standard ethidium bromide staining.
Cloning and RFLP analysis
SSU rRNA gene fragments were ligated into the vector pCR2.1 with a ligation
efficiency of 55% and were cloned in One Shot TOP10 chemically competent
Escherichia coli cells, using the Original TA Cloning Kit (Invitrogen, Carlsbad, Calif.,
USA) according to the manufacturer's instructions. After blue-white screening of the
clones, the insert was checked by PCR with M13 primers targeting vector regions next
to the insertion site, using the PCR protocol described above. PCR products with
expected size (~ 2000 bp) were digested separately with restriction enzymes MspI and
AluI (MBI Fermentas, St. Leon-Rot, Germany); 0.5 µg of PCR product was incubated
with 1 unit of the respective nuclease for 16 h at 37 °C, using the buffer
concentrations recommended for each enzyme. DNA fragments were separated by
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electrophoresis in 4% NuSieve agarose gels (Peqlab, Erlangen, Germany) and visualized
by UV detection after ethidium bromide staining.
Sequencing and phylogenetic analysis
Clones were sorted according to their restriction patterns into four different groups.
From one randomly chosen representative of each group, plasmids were extracted
(E.Z.N.A. Plasmid Miniprep Kit 1, Peqlab, Erlangen, Germany). DNA was sequenced
on an ABI sequencer, and sequences were assembled using the SeqmanII software of
the DNAstar program suite (GATC, Konstanz, Germany). Initial sequences of the 5'and 3'-ends were obtained with M13 vector primers and provisionally aligned with the
only existing oxymonad sequence using the alignment editor of the ARB software
package. Based on this alignment, new sequencing primers were designed for a full
sequencing of the oxymonad SSU rRNA gene inserts (Tab. 1). The complete sequences
were aligned and phylogenetically analyzed using the functions implemented in ARB.
Reference sequences not present in the ARB database were obtained from GenBank
(www.ncbi.nlm.nih.gov) and imported into ARB.
Only those base positions that were identical in more than 50% of the aligned
oxymonad sequences (1859 alignment positions) were included in the phylogenetic
analysis. Phylogenetic trees were inferred with the neighbor-joining method included
in the PHYLIP package (Phylogeny Inference Package v. 3.573c; Felsenstein, 1989)
implemented in ARB, using the distance correction algorithm of Jukes and Cantor
(1969). To test the stability of the branching pattern, we applied fastDNAml, a
maximum-likelihood method by Olsen et al. (1994), and DNAPARS, a maximumparsimony method included in PHYLIP, both implemented in ARB. All methods
resulted in the same branching order within the Dinenympha-Pyrsonympha-Trimastix
clade. The reproducibility of the branching pattern was confirmed by bootstrap
analysis with 1000 replicates using the maximum-parsimony algorithm and the
program seqboot as implemented in PHYLIP.
Whole-cell in situ hybridization
The hindguts of 20 worker larvae of R. flavipes were suspended in 1 ml PBS and
carefully ruptured with sterile forceps. The flagellates were released from the gut tissue
by repeated aspiration of the suspension into the 1000-µl tip of an automatic pipet.
After allowing for sedimentation of gut wall fragments (~ 5 s), 900 µl of the
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supernatant was transferred into a fresh tube. After 100 µl formaldehyde (37%) was
added, the suspension was mixed carefully and incubated 12 h at 4 °C. After
centrifugation (1,000 × g, 5 min), the pellets were washed twice with 1 ml PBS. An
equal volume of ethanol was added, and the flagellate preparations were stored at
– 21 °C.
Table 2. Description of clone groups and newly designed group-specific
oligonucleotide probes used for whole-cell hybridization.
Clone

Number

Representative

Probe

Probe sequence

E. coli

Formamide

group

of clones

clone

name

(5’→3’)

positiona

concentrationb

A

26

Clone 5

c

Oxy-A

GCCATGGGGCGCC

Mismatches with non-target clones

Clone 5

Clone 24

1138

20%

–

5

Clone
36
2

Clone 10

1256

10%

3

–

3

3

1256

20%

4

3

–

9

186

20%

5

5

6

–

5

GTTAG
B

19

Clone 24

Oxy-B

ACTCGTTGAGGCGG
CTAT

C

1

Clone 36

Oxy-C

ACTCGTTGAAACGG
CCAT

D

6

Clone 10

Oxy-Dd

ATAGTAGGGCGTTT
GCGC

a

First base, number according to Brosius et al. (1978).

b

Maximal formamide concentration where hybridization was successful.

c

Used together with helper probe Oxy-A-H (5’-TCTCTAAGGAACGGTAACCAC-3’).

d

Used together with helper probe Oxy-D-H (5’-AAACACGGCCCTTCCATTCAC-3’).

The hybridization procedure followed the protocol of Llobet-Brossa et al. (1998)
with minor modifications. Fixed flagellate suspension (10 µl) was mixed with melted
agarose [10 µl of 0.1% (w:v), in PBS] and filled into the wells of a 10-well tefloncovered microscope slide (Roth, Germany). After air-drying, the samples were
dehydrated in a series of increasing ethanol concentrations (50%, 80%, 96%).
To each well, 2 µl of the respective probe and, if necessary, 2 µl of the respective
helper probe (Tab. 2) in the same concentration, diluted with 18 µl of hybridization
buffer was added. All probes used were synthesized by Thermo Hybaid
(http://www.interactiva.de). Hybridization at 46 °C and washing at 48 °C were
performed in 50-ml Falcon tubes, which were lined with tissue paper moistened with 2
ml of hybridization buffer. None of the newly designed probes (Tab. 2) showed
nonspecific binding in the presence of 5% (v:v) formamide. Generally, the maximal
formamide concentration where a hybridization was successful (Tab 2) was used for
each probe. The Cy3-labeled nonsense probe NonEUB338 (0–20% formamide; Wallner
et al. 1993) and the fluorescein-labeled oxymonad probe Oxy1270 (10% formamide;
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Dacks et al., 2001) were used as negative and positive control, respectively. After
washing and embedding of the sample in Citifluor (Citifluor, London, England), the
mounts were examined using a Zeiss Axiophot epifluorescence microscope equipped
with the respective filter sets for the different fluorescent dyes (HQ545/30, HQ610/75,
Q570LP for Cy3 label; HQ480/40, HQ527/30, Q505LP for fluorescein label; AHF
Analysentechnik, Tübingen, Germany). Photomicrographs were taken with a cooled
CCD camera (Magnafire, Intas, Göttingen, Germany).

Acknowledgements
The authors are grateful to John A. Breznak (Michigan State University) for collecting
the termites used in this study and to Wilhelm Schönhuber (Universität Konstanz) for
help with ARB and primer design.

3

Niche heterogeneity determines bacterial community
structure in the termite gut (Reticulitermes santonensis)
Hong Yang, Dirk Schmitt-Wagner, Ulrich Stingl, Andreas Brune
Revised version, submitted to Environmental Microbiology.

Summary
Differences in microenvironment and interactions of microorganisms within and
across habitat boundaries should influence structure and diversity of the microbial
communities within an ecosystem. We tested this hypothesis using the wellcharacterized gut tract of the European subterranean termite Reticulitermes santonensis as
a model. By cloning and sequencing analysis and molecular fingerprinting (T-RFLP),
we characterized the bacterial microbiota in the major intestinal habitats – the midgut,
the wall of the hindgut paunch, the hindgut fluid, and the intestinal protozoa. The
bacterial community was very diverse (>200 ribotypes) and comprised representatives
of several phyla, including Firmicutes (mainly clostridia, streptococci, and
Mycoplasmatales-related clones), Bacteroidetes, Spirochaetes, and a number of Proteobacteria,
all of which were unevenly distributed among the four habitats. The largest group of
clones fell into the so-called Termite group 1 (TG-1) phylum, which has no cultivated
representatives. The majority of the TG-1 clones were associated with the protozoa and
formed two phylogenetically distinct clusters, which consisted exclusively of clones
previously retrieved from the gut of this and other Reticulitermes species. Also the other
clones represented lineages of microorganisms that were exclusively recovered from the
intestinal tract of termites. The termite specificity of these lineages was underscored by
the finding that the closest relatives of the bacterial clones obtained from R. santonensis
were usually derived also from the most-closely related termites. Overall differences in
diversity between the different gut habitats and the uneven distribution of individual
phylotypes support conclusively that niche heterogeneity is a strong determinant of
the structure and spatial organization of the microbial community in the termite gut.
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Introduction
Despite their small size, termites harbor an abundant and astonishingly diverse
intestinal microbiota. In the highly compartmentalized hindgut of soil-feeding
termites, axial differences in the microbial community structure between major gut
compartments reflect the physicochemical conditions in the respective habitats
(Friedrich et al., 2001; Schmitt-Wagner et al., 2003a; Schmitt-Wagner et al., 2003b).
However, also the relatively simple guts of wood-feeding termites, which possess only a
single hindgut dilatation, harbor an enormous number of different microbial
morphotypes (Breznak and Pankratz, 1977; To et al., 1980; Czolij et al., 1985) and
phylotypes (e.g., Ohkuma and Kudo, 1996; Lilburn et al., 1999; Hongoh et al., 2003).
In the lower termites, the gut provides four fundamentally different microhabitats:
(i) the midgut, which contains also many host enzymes; (ii) the wall of the hindgut
paunch, which is characterized by a continuous influx of oxygen; (iii) the hindgut
fluid, where unattached bacteria must cope with high dilution rates and the limited
space left open by the high number of protozoa; and (iv) the symbiotic protozoa
themselves, which are a constant source of hydrogen and other fermentation products.
Although the digestive process is initiated by host-derived enzymes secreted by the
salivary glands and the midgut epithelium (Fujita et al., 2001; Watanabe and Tokuda,
2001), the intestinal protozoa located in the dilated hindgut are essential for the
depolymerization of cellulose and hemicelluloses and the fermentation of the soluble
carbohydrates to acetate, H2, and CO2 (Hungate, 1955; Breznak and Brune, 1994;
Inoue et al., 1997). Also the fermentative and hydrogen-oxidizing activities of
prokaryotes are of major importance (Odelson and Breznak, 1983; Breznak and
Switzer, 1986; Breznak, 2000). Steep radial gradients of physicochemical parameters,
e.g., O2 and H2 partial pressure, create fundamentally different microhabitats and
necessitate the differentiation between the microoxic gut wall and the anoxic lumen
(Brune et al., 1995; Ebert and Brune, 1997; Brune, 1998), and there is evidence that the
intestinal carbon fluxes are controlled also by the spatial organization of the different
microbial guilds (Tholen and Brune, 2000).
It has been proposed that these habitats and the microbial interactions within and
between the habitat boundaries create a variety of niches for the intestinal microbiota
(Tholen and Brune, 2000; Brune and Friedrich, 2000). Differences in niche space
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should therefore be reflected in the structure of the communities occupying these
niches (Morin, 1999). We addressed this issue in the present study by fractionating the
intestinal microbiota colonizing the different microhabitats in the gut of the termite
Reticulitermes santonensis and by analyzing diversity and community structure in each
fraction using cloning and sequencing analysis of abundant ribotypes and molecular
fingerprinting by terminal restriction fragment length polymorphism (T-RFLP)
analysis.
Reticulitermes santonensis, a European subterranean termite, is a close kin of
Reticulitermes flavipes, a North American subterranean termite, probably representing a
lineage accidentally introduced from the United States into France during the late
19th century (Clément et al., 2001; Marini and Mantovani, 2002), and a sister taxon of
Reticulitermes speratus, a subterranean termite from Japan. Therefore, this study also
allowed the comparison of the datasets on the bacterial communities in the guts of
these closely related termites (Ohkuma and Kudo, 1996; Lilburn et al., 1999; Hongoh
et al., 2003), which adds more substance to recent claims of coevolution between
termite gut microbiota and host.

Results
The fractionation procedure yielded well-defined fractions of the microbiota
colonizing the four major intestinal habitats: midgut, hindgut wall, hindgut fluid, and
protozoa. Phase-contrast microscopy revealed that the protozoan fraction contained
most of the flagellates suspended in the gut fluid (including all Trichonympha and most
Pyrsonympha cells) and only few unattached bacteria. However, a number of
Pyrsonympha cells always remained firmly attached to the hindgut wall despite the
fractionation procedure (Fig. 1). The bulk of the unattached bacteria remained in the
hindgut fluid, which consistently contained also some of the smaller flagellates
(mostly Dinenympha species). This could not be avoided because of the necessary
compromise in the centrifugation speed: at centrifugal forces above 30 × g, larger
bacterial cells, e.g. spirochetes, started to sediment together with the protozoa, and
lysis of the fragile protozoan cells increased.
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Diversity analysis
More than 500 clones of the four clone libraries were picked and subjected to
restriction fragment length polymorphism (RFLP) analysis. All ribotypes represented
by more than one clone and a number of randomly selected unique clones were
sequenced and subjected to phylogenetic analysis. The selection strategy allowed 75%
of the clones in the clone libraries to be assigned to a phylogenetic group with a
relatively small number of sequenced clones.

Figure 1: Phase-contrast photomicrograph showing cells of the flagellate Pyrsonympha
vertens (arrows) and several long filaments of segmented endospore-forming bacteria
(arrowheads), resembling the "Arthromitus"-like forms first described by Leidy (1881), which
are firmly attached to the hindgut wall (dotted line) of Reticulitermes santonensis. The bar
represents 50 µm.

The presence of more than 200 different restriction patterns (Table 1) documented
a high diversity of the bacterial community in the gut of the wood-feeding termite R.
santonensis. Rank-abundance curves revealed an inhomogeneous distribution of the
ribotypes in the four clone libraries (Fig. 2). A few abundant ribotypes dominated in
the respective fractions, whereas many were represented by only a single clone.
The clones in the clone libraries were assigned to phylotypes using an arbitrarily
defined criterion of >97% sequence identity. While almost all clones in the midgut
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and protozoan fractions were assigned to individual phylotypes, the percentage was
lower in the hindgut fluid and hindgut wall fractions (Table 1) owing to the large
number of unique clones in these fractions (Fig. 2) and the preferential sequencing of
ribotypes represented by more than one clone.

Figure 2: Rank-abundance curves of the
different ribotypes present in the clone
libraries prepared from the different gut
fractions of Reticulitermes santonensis. The
filled area under the curve indicates the
ribotypes of which representative clones
were sequenced.

The species richness in the hindgut fluid was considerably higher than in the other
fractions; the lowest value was obtained for the midgut (Table 2). Nevertheless,
rarefaction analysis revealed that the sampling depth of the individual clone libraries
was sufficient to cover most of the bacterial diversity in each of the four intestinal
fractions, as documented by the modest slope at the end of the rarefaction curves (Fig.
3). Only in the case of the hindgut fluid did the slope of the rarefaction curve indicate
that further sampling would increase the number of new phylotypes at a rate higher
than in the other fractions.
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Table 1. The numbers of clones in the clone libraries of the different gut fractions
that were subjected to restriction analysis (RFLP) or sequenced, the number of
ribotypes with different RFLP patterns, and the percentage of clones that could be
assigned to a phylogenetic group by combination of ribotype and sequence
information.
Gut fraction

a

Clones analyzed

Ribotypes

Clones

Clones

sequenced

assigned (%)

Midgut

69

29

17

86

Protozoa

123

40

36

94

Hindgut fluid

188

112

37

71

Hindgut wall

140

91

21

60

Total

520

222 a

111

75

Total number of different RFLP patterns across all gut fractions.

The differences in species richness and relative abundance of the different
phylotypes is reflected in the diversity indices of the respective fractions, which were
highest for hindgut fluid and hindgut wall (Table 2). Phylotype distribution was
relatively even in these fractions, whereas evenness values were considerably lower for
midgut and protozoa. This is underlined, for example, by the three most-abundant
restriction patterns (65.5% of the assigned clones) in the protozoan fraction consisting
exclusively of Termite group 1 clones (see below).

Figure 3: Rarefaction analysis of the clone
libraries prepared from the different gut
fractions of Reticulitermes santonensis. The
slope at the end of each curve indicates the
rate at which new phylotypes (>97%
sequence identity) were discovered at the
point when we stopped sampling
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Distribution of major phylogenetic groups
Comparative sequence analysis revealed the presence of bacteria from numerous
phylogenetic groups among the gut microbiota of R. santonensis. The most abundant
phylogenetic group was the so-called Termite group 1, which was first discovered by
Ohkuma and Kudo (Ohkuma and Kudo, 1996) and later classified as a new bacterial
candidate division (Hugenholtz et al., 1998); in the following, we will refer to it as the
TG-1 phylum. Other abundant groups were affiliated with the Firmicutes, the
Bacteroidetes, and the Spirochaetes (Fig. 4).
Table 2.

Species richness, diversity, and evenness indices of the bacterial

communities in the different intestinal fractions.
Gut fraction

Species richnessa

Diversityb

Evennessc

Midgut

16

2.15

0.78

Protozoa

24

2.06

0.65

Hindgut fluid

49

3.33

0.86

Hindgut wall

28

3.01

0.90

a

Number of phylotypes (based on 97% sequence identity)

b

Shannon-Weaver index (H') (Shannon and Weaver, 1949; Morin, 1999)

c

Evenness (J = H' / Hmax) (Morin, 1999)

Representatives of the different phyla were unevenly distributed among the four
intestinal fractions (Fig. 4). In the midgut clone library, the most abundant
phylogenetic group belonged to the Firmicutes, whereas clones affiliated with the TG-1
phylum dominated the clone library of the protozoan fraction. The clone libraries of
the hindgut fluid and hindgut wall fractions contained mainly representatives of the
TG-1 phylum, the Firmicutes, and the Bacteroidetes, albeit in slightly different
proportions. Spirochaetes were affiliated mainly with the protozoan and the hindgut
fluid fraction, whereas Bacteroidetes were represented with a substantial number of
clones in all fractions except the protozoan fraction.
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Figure 4: Relative clone frequencies in the
major phylogenetic groups of the clone
libraries prepared from the different gut
fractions of Reticulitermes santonensis.

Clones affiliated with the Firmicutes were present in all clone libraries. However, a
more detailed analysis of clone distribution (Table 3) revealed that the majority of the
Firmicutes clones in the midgut (70%), hindgut wall (84%), and hindgut fluid (55%)
belonged to the Clostridiales, whereas Mycoplasmatales-affiliated clones represented a
large proportion of the Firmicutes clones in the protozoan (58%) and hindgut fluid
(29%) fractions. By contrast, streptococcal clones were most abundant (27% of the
Firmicutes clones) in the midgut, but completely absent from the protozoan fraction.
TG-1 phylum
The largest clone group obtained in this study were clones affiliated with the TG-1
phylum (38% of all clones assigned to phylogenetic groups; Table 3). The clones
(Genbank accession numbers: AY571453–AY571469) showed seven different RFLP
patterns and formed two distinct clusters (99–100% sequence identity) in the respective
phylogenetic tree (Fig. 5), which consistently differed also in their terminal restriction
fragment length (144 and 283 bp; see below).
One of the clusters, represented by 37 clones in the clone libraries (4 RFLP
patterns, 10 clones sequenced), comprised TG-1 bacteria identified as endosymbionts
of Pyrsonympha vertens from the guts of R. santonensis (clone RsaPv15; Stingl et al.,
2004b) and further clones from a clone library of isolated Pyrsonympha vertens
flagellates from the closely related R. flavipes (clones RfPv14–16 and RfPv19; Stingl et
al., 2004b), and is therefore designated “Pyrsonympha cluster” (Fig. 5). The cluster
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shows two well-supported branches and is clearly separated from a set of TG-1 clones
previously obtained from R. speratus (Ohkuma and Kudo, 1996; Hongoh et al., 2003)
(Fig. 5).

Figure 5: Phylogenetic position of clones obtained in this study (shown in bold) affiliated
with the TG-1 phylum, inferred by maximum-likelihood analysis of 1333 valid alignment
positions. Shorter sequences were added to the framework tree using the ARB parsimony
tool (Ludwig et al., 1998). The scale bar indicates approximately 10% sequence difference.
All marked nodes were reproducibly present in all phylogenetic analyses (including
maximum-likelihood, maximum-parsimony, and neighbor-joining algorithms). Only nodes with
bootstrap values (DNAPARS, 100 replicates) >90% (~) and >50% (™) are marked. The tree
was rooted using Thermotoga maritima (M21774) and Thermus aquaticus (L09663) as
outgroup. Clones obtained in this study are labeled with the prefix Rsa- (for Reticulitermes
santonensis), followed by an letter combination indicating the gut fraction from which the
respective clone was obtained (M, midgut; Hw, hindgut wall; Hf, hindgut fluid; P, protozoa)
and a unique number.

The second cluster of TG-1 clones represented the largest fraction (112 clones) in
the clone library. Their sequences (2 RFLP patterns, 6 clones sequenced) were virtually
identical (>99.5% sequence identity). The cluster comprised also the sequence of the
endosymbiont of Trichonympha agilis from R. santonensis (clone RsaTa18; Stingl et al.,
2004b) and is therefore designated “Trichonympha cluster” (Fig. 5). Also this cluster was
clearly separated (<95% sequence identity) from the clones obtained from R. speratus.
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Table 3.

The distribution of 16S rRNA gene clones assigned to different

phylogenetic groups among the clone libraries of the four intestinal fractions and the
total number of clones in the respective groups.
Phylogenetic
Group
TG-1 phylum b

Number of clones in clone library
Midgut

Protozoa

Hindgut fluid Hindgut wall

Total a

9

77

37

27

150

Clostridiales

23

4

23

16

66

Streptococcus

9

0

5

3

17

Enterococcus

0

0

2

0

2

Lactococcus

0

1

0

0

1

Mycoplasmatales

1

7

12

0

20

Bacteroidetes

14

7

27

21

69

Spirochaetes

2

16

15

3

36

α-Proteobacteria

0

3

6

2

11

β-Proteobacteria

0

0

1

8

9

δ-Proteobacteria

0

0

2

0

2

ε-Proteobacteria

0

0

1

1

2

TM7 phylum b

1

0

2

3

6

Verrucomicrobia

0

1

0

0

1

59

116

133

84

392

Firmicutes

Proteobacteria

Total

c

a

Total number of clones assigned to a phylogenetic group

b

Bacterial candidate divisions (Hugenholtz et al., 1998)

c

Number of assigned clones in a clone library

Firmicutes
The second-largest group of clones (27% of all assigned clones in the clone libraries;
Table 3) were affiliated with the Firmicutes (Genbank accession numbers: AY571391–
AY571422). With 27 different restriction patterns, they were phylogenetically quite
diverse; nevertheless, most of them fell into clusters populated by numerous clones
obtained from R. santonensis or other, closely related termites (Fig. 6).
Almost two-thirds of the clones were affiliated with the Clostridiales. Most
remarkable is the distinctly separated and apparently termite-specific lineage (Cluster
D) formed by 23 clones (2 RFLP patterns, 3 clones sequenced), which represents 35%
of the clostridial clones and were retrieved almost exclusively from the midgut clone
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library. Also the 10 clones in Cluster E (1 RFLP pattern, 2 clones sequenced) formed a
distinctly separate, apparently termite-specific lineage only distantly related to any
described species. Cluster A consisted of nine clones (2 RFLP patterns, 2 clones
sequenced) most closely related to Clostridium propionicum (94.2% sequence identity).
Cluster B contained 3 clones (2 RFLP patterns, 2 clones sequenced) obtained in this
study and a clone previously obtained from R. speratus (Hongoh et al., 2003); also their
nearest neighbors consisted of clones exclusively derived from other termites (SchmittWagner et al., 2003a; Tokuda et al., 2000). The same was true for Cluster C, (3 RFLP
patterns, 3 clones sequenced), with Anaerovorax odorimutans as the most closely related
species (93–95% sequence identity).
The other clones were evenly distributed between the Lactobacillales and the
Mycoplasmatales. Among the Lactobacillales, the majority of the clones were affiliated
with the genus Streptococcus. Cluster F contains 15 clones (2 RFLP patterns, 4 clones
sequenced) that stemmed mostly from the midgut clone library (Table 3); clones
affiliated with the genera Enterococcus and Lactococcus were rare. By contrast, clones
related to the Mycoplasmatales were retrieved almost exclusively from the clone libraries
of the protozoan and the hindgut fluid fractions. All 20 clones assigned to the
Mycoplasmatales (6 RFLP patterns, 7 clones sequenced) formed a distinct and
apparently termite-specific lineage (Cluster G) that comprised also clones previously
obtained from the hindgut of R. speratus (Hongoh et al., 2003) and from a symbiont of
the termite gut flagellate Koruga bonita from Mastotermes darwiniensis (Fröhlich and
König, 1999).
Interestingly, none of the clone libraries contained clones affiliated with the
Bacillales. Based on a literature review and the cultivation of Bacillus cereus from boiled
intestines Margulis et al. (1998) had concluded that the abundant “Arthromitus”-like
morphotypes (Fig. 1) colonizing the hindgut wall of these and other termites are in
fact filamentous life stages of these rod-shaped bacteria. It seems indicated to confirm
this by FISH.
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Figure 6: Phylogenetic position of clones obtained in this study (shown in bold) affiliated
with the Firmicutes, inferred by maximum-likelihood analysis of 1271 valid alignment
positions. The tree was rooted using Agrobacterium tumefaciens (M11223), Thermotoga
maritima (M21774), Thermus aquaticus (L09663), Holophaga foetida (X77215), and
Verrucomicrobium spinosum (X90515) as outgroup. For details on tree calculation,
evaluation, and notation, see the legend of Fig. 5.

Bacteroidetes
Also the clones affiliated with the Bacteroidetes (18% of all assigned clones in the clone
library; Table 3) were quite diverse. The clones (Genbank accession numbers:
AY571423–AY571452) showed 29 RFLP patterns and fell into apparently termitespecific clusters within the Bacteroidetes (Fig. 7). The largest cluster (Cluster D; Fig. 7)
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contained 25 clones (10 RFLP patterns, 11 clones sequenced), which represents 36% of
the clones assigned to the Bacteroidetes, and comprised also clones from the hindgut of
the termites R. speratus (Hongoh et al., 2003) and Cubitermes orthognathus (SchmittWagner et al., 2003a).

Figure 7: Phylogenetic position of clones obtained in this study (shown in bold) affiliated
with the Bacteroidetes, inferred by maximum-likelihood analysis of 1291 valid alignment
positions. The outgroup was the same as in Fig. 6. For details on tree calculation, evaluation,
and notation, see the legend of Fig. 5.

While Cluster D does not contain any cultured representatives, the 9 clones in
Cluster C (4 RFLP patterns, 4 clones sequenced), which also comprised clones from
the gut of R. speratus, were distantly related (92–93% sequence identity) to Bacteroides
merdae, isolated from human feces (Johnson et al., 1986). One of the 5 clones in
Cluster B was virtually identical (99.5% sequence identity) to clones obtained from a
clone library of isolated Pyrsonympha vertens flagellates from R. santonensis (Clones
RsaPv13–14; Stingl et al., 2004b) and closely related to a clone obtained from a clone
library of the same flagellate species in the gut of R. flavipes (Clone RfPv9; Stingl et al.,
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2004b). The others (2 RFLP patterns, 2 clones sequenced) formed a distinct lineage
with a clone from R. speratus (Fig. 7). Also the apparently termite-specific Cluster A,
which covered 20 clones (6 RFLP patterns, 6 clones sequenced) from R. santonensis,
comprised clones from R. speratus and C. orthognathus.
Spirochaetes
The clones affiliated with the Spirochaetes (Genbank accession numbers: AY571470–
AY571486) represented 9% of all assigned clones in the clone library (Table 3) and
again clustered exclusively with other clones previously obtained from other termite
species (Fig. 8). The majority of clones (11 RFLP patterns, 14 clones sequenced),
representing 83% of the clones assigned to the Spirochaetes, fell within the "termite
cluster" of the genus Treponema (Treponema Cluster I), containing only clones retrieved
from different termite species (Lilburn et al., 1999; Ohkuma et al., 1999). Most clones
from R. santonensis (this study) fell within three distinct lineages together with the
clones previously obtained from R. flavipes and R. speratus (Lilburn et al., 1999;
Hongoh et al., 2003). The rest of the clones (3 RFLP patterns, 3 clones sequenced) fell
into a termite-specific cluster among the traditional treponemes (Lilburn et al., 1999;
Ohkuma et al., 1999). Again, many of the clones in this cluster (Treponema Cluster II)
were most closely related (98–99% sequence identity) to clones from R. flavipes and R.
speratus (Lilburn et al., 1999; Hongoh et al., 2003) (Fig. 8).
Proteobacteria
Only 6% of the assigned clones in the clone library (Genbank accession numbers:
AY571487–AY571498) were affiliated with the Proteobacteria. Phylogenetic analysis
revealed that most of the clones belonged to the a-subgroup and b-subgroup of the
Proteobacteria, whereas clones belonging to the d-subgroup and e-subgroup were rare.
The 11 clones belonging to the a-Proteobacteria (5 RFLP patterns, 5 clones
sequenced) formed two distinct lineages that were again most closely related to clones
from R. speratus (Hongoh et al., 2003), but only distantly related to other lineages of
the Rickettsiales, including symbionts of Acanthamoebae (Horn et al., 1999) and
terrestrial isopods (Wang et al., 2004) (Fig. 9).
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Figure 8: Phylogenetic position of clones obtained in this study (shown in bold) affiliated
with the Spirochaetes, inferred by maximum-likelihood analysis of 1262 valid alignment
positions. The outgroup was the same as in Fig. 6. For details on tree calculation, evaluation,
and notation, see the legend of Fig. 5.

Eight of the nine clones affiliated with the b-Proteobacteria were present only in the
hindgut wall clone library. Four clones (1 RFLP pattern, 2 clones sequenced) formed a
distinct cluster again containing also a clone from the hindgut of R. speratus (Hongoh
et al., 2003) most closely related to Dechlorimonas agitatus, isolated from paper mill
waste (Bruce et al., 1999). Four clones (2 RFLP patterns, 2 clones sequenced) were most
closely related to members of the genus Propionivibrio (93–97% sequence identity)
(Brune et al., 2002) (Fig. 9).
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Figure 9: Phylogenetic position of clones obtained in this study (shown in bold) affiliated
with the Proteobacteria, inferred by maximum-likelihood analysis of 1296 valid alignment
positions. The tree was rooted using Aquifex pyrophilus (M83548), Thermus aquaticus
(L09663), Thermotoga maritima (M21774), Holophaga foetida (X77215) and
Verrucomicrobium spinosum (X90515) as outgroup. For details on tree calculation,
evaluation, and notation, see the legend of Fig. 5.

The sequence obtained for the two clones affiliated with the d-Proteobacteria
(identical RFLP patterns) was virtually identical (>99.5%) to the sequences of
Desulfovibrio desulfuricans and of a sulfate-reducing isolate from R. santonensis (Kuhnigk
et al., 1996). The single clone affiliated with the e-Proteobacteria was only distantly
related to other bacteria in this subgroup (Fig. 9).
Other phyla
The remaining clones represented less than 2% of the assigned clones in the clone
library (Table 3). Six clones (2 RFLP patterns, 2 clones sequenced, Genbank accession
numbers: AY571499 and AY571500) were affiliated with the TM7 phylum
(Hugenholtz et al., 1998), with the closest relatives among clones from R. speratus
(Hongoh et al., 2003) or clones from the oral cavity of humans. A single clone
(Genbank accession number: AY571501) belonged to the Verrucomicrobia (details not
shown).
T-RFLP fingerprinting
The T-RFLP fingerprints obtained for the different hindgut fractions of R. santonensis
(Fig. 10) confirmed the high diversity of the bacterial community already evidenced by
the clonal analysis (Table 3). There were clear differences among the fingerprint
patterns of the different intestinal fractions. In the patterns of the hindgut wall and
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especially the hindgut fluid, the high microbial diversity was reflected by a large
number of peaks, whereas only a few fragments dominated in the patterns of the
protozoan and midgut fractions.
Using the predicted lengths for the terminal restriction fragments (T-RFs) of the
clonal sequences, the peaks in the T-RFLP profiles were assigned to the clones in the
respective clone libraries. The 93 clones in the 4 clone libraries that were sequenced
from the 5’-end yielded 43 different predicted T-RFs, the majority of which were
represented in the T-RFLP fingerprints (Table 4). Vice versa, almost all major peaks in
the T-RFLP profiles could be assigned to clones in the clone libraries (Fig. 10).

Figure 10: Terminal-restriction-fragment length polymorphism (T-RFLP) profiles of 16S rRNA
gene fragments, amplified from DNA extracts of the different intestinal fractions, the midgut
(M), the hindgut wall (Hw), the hindgut fluid (Hf), and the protozoa (P), of Reticulitermes
santonensis. PCR products obtained with primers 27F (labeled) and 907R were digested with
MspI. T-RF length of major peaks (i.e., whose peak height represented more than 2.5% of the
sum of all peak heights in the respective T-RF pattern) that matched the predicted T-RFs of
the clones in the respective clone library are marked in bold and are labeled with the
respective phylogenetic group (Table 4). Abbreviations: TG-1 phylum (TG-1), Bacteroidetes
(Bact), Clostridiales (Clostr), Lactococcus (Lacto), Mycoplasmatales (Myco), Proteobacteria
(Proteo), Spirochaetes (Spiro), Streptococcus (Strepto), Verrucomicrobia (Verruco). For
orientation, also the size of several unassigned T-RFs is indicated.
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Some peaks could not be clearly allocated to a single phylogenetic group because
clones from other phylogenetic groups had similar or identical predicted T-RFs. An
obvious example is the peak representing a T-RF around 281–283 bp, which is present
in all profiles. In all cases, it can be assigned to clones from three different
phylogenetic groups (Table 4), namely the clostridia (predicted T-RF 281–282),
represented almost exclusively by the clostridial Cluster E (Fig. 6), the Pyrsonympha
cluster of the TG-1 phylum (predicted T-RF 283; Fig. 5), and members of the
Treponema Cluster I (predicted T-RF 283; Fig. 9).
The midgut fraction showed the simplest pattern of all profiles since it indicated
the presence of only four major T-RFs (Fig. 10). The largest peak of the profile
(564 bp) matched with 8 of the 15 Streptococcus-related clones assigned to Cluster F (Fig.
6), which stemmed mostly from the midgut clone library (Table 4). The other peaks
matched the T-RFs of clones from the TG-1 phylum, the Clostridiales, and the genus
Treponema.
The number of peaks in the profile of the protozoan fraction was smaller than in
the midgut (Fig. 10). Four peaks could be assigned to clones in the respective clone
library. Apart from the peak of 281–283 bp already mentioned above, the others
matched exactly with all 112 clones (represented by 6 sequenced clones) in the
Trichonympha cluster of the TG-1 phylum (predicted T-RF of 144 bp; Fig. 5), and about
half of the clostridial clones assigned to Cluster A (predicted T-RF of 163 bp; Fig. 6);
the latter shared its T-RF with the single clone in the clone library of the protozoan
fraction belonging to the Verrucomicrobia (Table 4). The large number of clones in the
protozoan clone library affiliated with the Mycoplasmatales (predicted T-RFs of 537 and
540 bp) were not represented by major peaks in the T-RFLP profile. By contrast,
several peaks representing T-RFs >580 bp, present also in the other hindgut fractions,
had no corresponding clones in the clone libraries.
The profile of the hindgut fluid was the most diverse of all profiles, which was
mainly caused by numerous smaller peaks representing T-RFs > 490 bp, which can be
assigned to clones affiliated with the Bacteroidetes, Lactobacillales, and Mycoplasmatales.
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Predicted T-RF lengths of the 16S rRNA gene clones from Reticulitermes

santonensis after in silico digestion with MspI, their phylogenetic affiliation, and
numbers of clones in the different clone libraries assigned to the respective phylotype.
The analysis is based on 93 sequences, representing 365 assigned clones; sequences that
did not contain the 5'-end of the gene had to be excluded. The designations of the
representative sequences are given in parentheses; the prefix Rsa- has been omitted.
When indicated, also the specific lineages are given to facilitate localization of the
respective phylotypes in the phylogenetic trees (Figs. 5–9).
T-RF

Phylogenetic group

[bp]

Specific
Lineage

Number of clones in clone library (sequenced clones)
Midgut

80

Clostridiales

–

82

Bacteroidetes

Cluster D

1 (M38)
4 (M12, 33)

83

Bacteroidetes

Cluster D

83

Bacteroidetes

Cluster D

Protozoa

Hindgut fluid

2 (Hw476)
1
2 (P100)

83

Bacteroidetes

Cluster D

83

Bacteroidetes

Cluster D

87

Bacteroidetes

–

89

β-Proteobacteria

–

90

Bacteroidetes

Cluster D

92

Bacteroidetes

Cluster B

2 (Hf261)

94

Bacteroidetes

–

2 (Hf237)
7 (Hf416)

94

Bacteroidetes

Cluster A

94

Bacteroidetes

–

95

Bacteroidetes

Cluster A

97

Bacteroidetes

Cluster C

Hindgut wall

5 (Hf278, 397)

1
4 (Hw512, 574)

1

1 (P168)

1
1 (Hw511)

1 (P169)

3 (Hf279)

1

1 (Hw509)
4 (Hw538)
1

97

Bacteroidetes

130

Treponema

Cluster I a

132

TM7 phylum

–

139

α-Proteobacteria

–

140

Treponema

–

4 (P135, 164)

141

α-Proteobacteria

–

2 (P174)

142

β-Proteobacteria

–

144

TG-1 phylum

Trichonympha

6

150

Clostridiales

Cluster D

22 (M1, 2, 75)

150

Clostridiales

Cluster B

162

Verrucomicrobia

–

1 (P110)

163

Clostridiales

Cluster A

2 (P112)

163

δ-Proteobacteria

–

2 (Hw540)

1 (P101)
1 (Hf241)
2

1 (M67)

3

1 (Hf238)

60 (P83, 84, 103,

1
1 (Hf404)

3 (Hw496)

33 (Hf254)

13 (Hw487)

1
3 (Hf293, 312)

2

1

2 (Hf324)

Continued…
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Table 4, continued.

T-RF

Phylogenetic group

[bp]

Specific
Lineage

Number of clones in clone library (sequenced clones)
Midgut

Protozoa

Hindgut fluid

Hindgut wall
3 (Hw471)

165

Clostridiales

Cluster A

1

165

Treponema

Cluster I c

6 (Hf303, 323,

Cluster II

166

Treponema

167

α-Proteobacteria

170

1

–

2

3 (P202, 229)
1 (P117)

Clostridiales

Cluster C

2 (Hf309)

170

Clostridiales

Cluster C

1 (Hf311)

173

Clostridiales

–

2 (Hf436)

178

α-Proteobacteria

214

Treponema

281

Clostridiales

–

282

Clostridiales

Cluster E

1 (M7)

283

TG-1 phylum

Pyrsonympha

3 (M24)

283

TG-1 phylum

Pyrsonympha

–

4 (Hf235)

Cluster I a

2 (P136)
1 (P88)

–

1

2 (Hf265)

11 (P85, 86, 99)

3

8 (Hw481)

5 (P120, 180, 217)

1

6 (Hw525, 605)

2

1

283

TG-1 phylum

283

Treponema

Cluster I a

283

Treponema

Cluster I b

283

Treponema

Cluster I c

2 (Hf236)

283

Treponema

–

1 (Hf365)

2 (P144)
5 (P159, 207)

286

Treponema

Cluster I c

1 (Hf328)

Clostridiales

–

2 (Hf437)

472

ε-Proteobacteria

–

1 (Hf427)

492

β-Proteobacteria

–

495

Bacteroidetes

Cluster A

Enterococcus

–

6

1 (P150)
1

289

514

4 (Hw571)

1
4 (Hw485)

1 (Hf415)

1

2 (Hf388)

522

Clostridiales

537

Mycoplasmatales

Cluster G

–
1 (P126)

1

537

Mycoplasmatales

Cluster G

3 (P160)

4 (Hf283)

539

Mycoplasmatales

Cluster G

5 (Hf277)

2 (Hf232)

As in the protozoan fraction, the profile was dominated by the peaks at 143 and
283 bp, matching the clones in the two clusters of the TG-1 phylum (Fig. 10), and in
the latter case, also clones from the genus Treponema and certain Clostridiales (see
above). The profiles of the hindgut wall differed from the other profiles with respect
to the presence of three peaks representing the short T-RFs of 81, 89, and 95 bp, all of
which could be assigned to a large number of clones affiliated with the Bacteroidetes.
The most apparent difference, however, was the absence of the peak of 142–143 bp,
which represented the Trichonympha cluster of the TG-1 phylum in all other profiles.
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Discussion
Community structure and niche heterogeneity
Previous studies on diversity and community structure in soil-feeding termites have
shown that the major gut compartments, which represent physicochemically distinct
habitats (Schmitt-Wagner, 1999), also harbor unique microbial communities (Friedrich
et al., 2001; Schmitt-Wagner et al., 2003a; Schmitt-Wagner et al., 2003b). The results of
the present study not only extend these findings to a wood-feeding species, but also
document differences within the same gut compartment, i.e., between the communities
colonizing the hindgut wall, the hindgut fluid, or the protozoa. These findings
provide substantial and solid support to the hypothesis that niche heterogeneity
within a microbial habitat is an important determinant of community structure
(Morin, 1999) and corroborate preliminary observations with different gut fractions of
Mastotermes darwiniensis (Berchtold et al., 1999).
The differences in diversity and community structure suggest that both the
apparent number of niches and the supported population sizes of certain phylotypes
differ considerably in the respective gut fractions. The relatively low diversity among
the bacteria colonizing the protozoa agrees with a low number of potential niches for,
e.g., the epibionts and/or endobionts of the six major flagellate species of this termite
(Cook and Gold, 1998). On the other hand, the relatively high diversity among the
bacteria of hindgut wall and hindgut fluid agrees with a large number of potential
niches – niches created by the steep radial gradients of oxygen, hydrogen, and possibly
other metabolites (Ebert and Brune, 1997) or by the presence of microbial feeding
chains (Tholen and Brune, 2000), niches for bacteria that resist washout by a
pronounced motility (e.g., spirochetes; Breznak and Leadbetter, 2002) or by colonizing
– like methanogens (Leadbetter and Breznak 1996; Leadbetter et al., 1998) – the gut
wall or filamentous bacteria attached to the gut wall (Breznak and Pankratz, 1977).
In view of the large number of potential niches, it is to be expected that the niches
of certain species overlap. This would allow for functional redundancy, and may serve
to explain the basis for the high diversity among the different Treponema populations,
which have been shown to interact with certain flagellate species, but apparently are
only facultatively attached (Iida et al., 2000). The role of functional redundancy
among populations in the stability of community functions are an important concept
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in macroecology (Morin, 1999), but convincing evidence for the validity of this
concept for microbial communities is still lacking.
Structural differences among the communities of the individual intestinal fractions
will not only reflect niche heterogeneity, but also allows inferences on the ability of a
microbial species to occupy such niches. Certain phylotypes, such as those affiliated
with the Mycoplasmatales, were abundant in the protozoan and hindgut fluid fraction,
but absent in the gut wall fraction, whereas others, such as the TG-1 bacteria of the
Pyrsonympha cluster, were present mainly in the protozoan and hindgut wall fractions.
The fact that clones affiliated with the clostridial Cluster D or the streptococcal
Cluster F were retrieved exclusively from the midgut clone library marks them as bona
fide midgut microorganisms and may be related to a resistance against the host-derived
hydrolases secreted by the salivary glands and the midgut epithelium (Fujita et al.,
2001; Watanabe and Tokuda, 2001) or to an ability to degrade easily fermentable
substrates such as sugars, amino sugars, and certain amino acids provided by these
hydrolases. It is possible that the Cluster-D phylotypes represent close relatives of the
endospore-forming “Morphotype 4”, described to colonize the midgut epithelium of
R. flavipes (Breznak and Pankratz, 1977). However, they are phylogenetically far
removed from the clostridia colonizing the ectoperitrophic space between the midgut
wall and the peritrophic membrane in the mixed segment of Nasutitermes takasagoensis
(Tokuda et al., 2000), which are affiliated with Cluster B (Clone NT-1; Fig. 6).
Preferences to a certain habitats are also evidenced by the relative abundance of
Treponema clones in the clone libraries, which was five times higher in the protozoan
fraction than in the hindgut wall fraction, and by the large proportion of Clostridiales
among the Firmicutes clones in the clone library of the hindgut wall fraction (84%)
compared to that of the protozoan fraction (33%).
Association with flagellates
The gut flagellates represent an enormous biovolume (>90%) in the hindgut of lower
termites (Breznak and Brune, 1994; Breznak, 2000). It has been estimated that the
flagellates constitute almost 95% of the total surface area in the anterior hindgut of
Mastotermes darwiniensis that is colonizable by bacteria (Berchtold et al., 1999), and it is
not surprising that the intestinal protozoa are a strong determinant of structure and
composition of the gut microbial community of R. santonensis.
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Many of the intestinal flagellates of termites are colonized by bacterial epibionts
attached to the outer surface and by endobionts in the cytoplasm or in the nucleus
(Radek, 1999; Dolan, 2001; Stingl et al., 2004a). With their metabolic products and
their respective location in the intestinal tract, the flagellates should provide a number
of distinct niches for the gut microbiota. For example, flagellates of the genus
Pyrsonympha are often firmly attached to the hindgut wall (Porter, 1897, Breznak, 1975;
Fig. 1), whereas flagellates of the genus Trichonympha occur only in the hindgut lumen.
This scenario is nicely supported by the apparent absence of the bacteria belonging
to the Trichonympha cluster of the TG-1 phylum from the hindgut wall fraction, which
is documented by the absence of their characteristic T-RF of 144 bp in the respective
T-RFLP profile and the small number of these clones in the corresponding clone
library. By contrast, clones from the Pyrsonympha cluster of TG-1 bacteria and their
corresponding T-RF of 283 bp are abundant in clone library and T-RFLP profile of the
hindgut wall fraction, which agrees with the location of the respective flagellate host.
Recently, Stingl et al. (2004b) documented the endobiotic nature of the TG-1
bacteria in Trichonympha agilis and Pyrsonympha vertens using FISH (fluorescent in-situ
hybridization). Since cells hybridizing with TG-1 bacteria were never detected in the
hindgut fluid, the presence of TG-1 clones in the clone library of the hindgut fluid
fraction and the corresponding T-RFLP profile can be explained by a crosscontamination between fractions caused by the inevitable shearing of protozoa during
the fractionation process.
Also the distinct cluster of clones affiliated with the Mycoplasmatales (Cluster G, Fig.
6) most likely represents symbionts of certain protozoa. One of the clones in this
cluster was directly obtained from endosymbionts in the cytoplasm of the flagellate
Koruga bonita colonizing the gut of Mastotermes darwiniensis using a micropipette
technique (Fröhlich and König, 1999). The absence of clones from this cluster in the
hindgut wall library indicates that they do not represent bacteria affiliated with the
Pyrsonympha flagellates attached to the hindgut wall. There were no indications for a
specific association of one of the Treponema lineages with certain protozoa, which is in
agreement with the report of Iida et al. (2000), who found that individual Dinenympha
species are apparently colonized by a mixture of phylogenetically distinct spirochetes.
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Comparison among different termite species
The collective data on the phylogenetic diversity of termite gut microbiota documents
a large number of novel phylogenetic groups, representing mostly uncultivated taxa
(for references, see Schmitt-Wagner et al., 2003a; Hongoh et al., 2003). Many of them
represent lineages containing only clones from termite guts. The results of the present
study show that this fact does not simply indicate a general preference of these taxa
for this particular habitat. Rather, the closest relatives of a given clone within these
lineages usually stems from a closely related termite, adding further support to a
hypothetical coevolution of gut microbiota and host.
This is underscored by the substantial amount of agreement between the datasets
obtained for the closely related termite species R. speratus (from Japan) and R.
santonensis (from Europe). Although the closest relatives of the clones obtained from
R. santonensis (this study) were generally clones from the closely related R. speratus
(Hongoh et al., 2003), there was always a slight but significant sequence difference
between the respective lineages, which is in agreement with a divergent evolution of
the bacterial species present in the gut of their common ancestor.
Conclusions
The present study reveals clear differences in community structure of different gut
habitats, as documented by the clone libraries and T-RFLP fingerprints of the
different fractions. In some cases, a combination of evidence allows a clear localization
of different populations (TG-1 Pyrsonympha cluster and Trichonympha cluster,
Bacteroidetes), whereas in other instances, a phylogenetic group was represented in
different fractions. This is most likely the result of a cross-contamination between the
fractions because of inefficient separation, but in the case of the TG-1 phylum, whose
members are definitely restricted to the cytoplasm of certain flagellates (Stingl et al.,
2004b), the occurrence in the midgut (free of protozoa) can also be explained by the
feeding on hindgut contents (proctodeal trophallaxis). Clearly, the next step requires
the in situ identification and localization of the individual populations and an
analysis of their functional interactions.
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Experimental procedures
Termites
Reticulitermes santonensis (Feytaud) was collected in the Forêt de la Coubre, near Royan,
France. Species identification was verified by sequence analysis of cytochrome oxidase
subunit II (Stingl et al., 2004b). Termites were maintained in the laboratory in
polyethylene containers on a diet of pine wood and water. Only worker caste termites
were used in the experiments.
Fractionation and DNA extraction
Groups of 25 termites were collected and washed twice with sterile distilled water. Guts
were dissected with sterile, fine-tipped forceps and separated into midgut and hindgut
sections.
The midguts were suspended in 2 ml sterile buffer (solution U; Trager, 1934) and
washed three times (centrifugation: 30 × g for 10 min). The midgut pellet was used for
DNA extraction. The hindguts were punctured, and the hindgut fluid was gently
squeezed into 2 ml buffer and centrifuged (30 × g for 10 min) to separate the protozoa
from the bacteria. The pellet containing the protozoa were resuspended in buffer and
recentrifuged twice to remove loosely attached bacterial cells. The supernatants of all
steps were pooled in a sterile tube, and the bacteria were harvested by centrifugation
(4000 × g for 5 min). The hindgut walls were slized open with a razor, washed twice in
a few drops of buffer in a Petri dish, collected in 2 ml of buffer, and washed three
more times (centrifugation: 30 × g for 10 min). Identification of the numerically
predominant gut protozoa in the respective fractions by phase-contrast microscopy
was based on their characteristic morphotypes, which had been verified using wholecell hybridization with group-specific oligonucleotide probes (Stingl and Brune, 2003).
DNA was extracted from the pellets resulting from the last centrifugation step of
the respective fractions by combining the enzymatic lysis protocol of Ohkuma and
Kudo (1996) with the bead-beating protocol of Henckel et al. (1999), with the
following modifications: Each pellet was suspended in 1 ml of buffer [100 mM TrisHCl (pH 7.5), 50 mM EDTA] and homogenized with plastic pestles (Micropistill
sticks, Eppendorf, Hamburg, Germany). The homogenates were transferred to screwcapped tubes with sterilized silica beads and lysozyme. After incubation at 37°C for 20
min, proteinase K was added and the mixture was incubated for 40 min. Subsequently,

46

Niche heterogeneity of the microbial communities in Reticulitermes santonensis

sodium dodecyl sulfate was added to a final concentration of 1%, and was extracted
again by bead-beating. DNA was purified from the supernatant using consecutive
phenol-chloroform-isoamyl alcohol (25:24:1, by vol.), isopropanol, and ethanol
precipitation steps.
PCR amplification
Bacterial 16S rRNA genes were amplified from DNA extracts of each of the four gut
fractions using primers 27F (5'-AGA GTT TGA TCC TGG CTC AG-3'; Escherichia coli
position 8–27) (Edwards et al., 1989) and 1492R (5'-TAC GGY TAC CTT GTT ACG
ACT T-3'; E. coli position 1492–1512) (Weisburg et al., 1991). PCR (20 cycles) was
carried out as described previously (Henckel et al., 1999), except that the annealing
temperature was 55°C. PCR products were purified with the QIAquick PCR
purification kit (Qiagen, Hilden, Germany).
Clone libraries and RFLP analysis
Clone libraries of 16S rRNA genes were created from the PCR products derived from
the four gut fractions, as described by Friedrich et al. (Friedrich et al., 2001). Briefly,
PCR products of approximately 1.5-kb length were ligated to the pGEM-T Easy
plasmid vector and introduced into E. coli by transformation. The clones were checked
for correct insert size by vector-targeted PCR. The clones with correct inserts were
sorted by RFLP analysis with MspI. Clones with similar restriction patterns were
subject to a second restriction analysis with RsaI. All clones with identical patterns
were considered a ribotype.
Phylogenetic analysis
Inserts were sequenced on both strands using standard primers (Stingl et al., 2004a).
Sequence data were analyzed using the ARB software package (version 2.5b;
http://www.arb-home.de; Ludwig et al., 2004). The new sequences were added to the
ARB database and aligned using the Fast Aligner tool implemented in ARB.
Alignments were checked and manually corrected where necessary. Sequences were
compared to 16S rRNA gene sequences in public databases using BLAST (Altschul et
al., 1990); sequences with high similarities to those determined in this study were
retrieved and added to the alignment. Highly variable regions of the 16S rRNA gene
sequences and sequence positions with possible alignment errors were excluded by
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using only those positions of the alignment that were identical in at least 50% of all
sequences. "Framework trees" were calculated using fastDNAmL (Olsen et al., 1994), a
maximum-likelihood method implemented in ARB, using only almost-full-length
sequences (>1300 bases). Shorter clone sequences (<1300 bases) were added to these
trees using the ARB parsimony tool, which allows the addition of short sequences to
existing phylogenetic trees without changing global tree topologies (Ludwig et al.,
1998). The stability of the branching pattern was tested using the neighbor-joining and
maximum-parsimony (DNAPARS) methods included in the PHYLIP package
(Felsenstein, 1989) implemented in ARB. The reproducibility of the branching pattern
was confirmed by bootstrap analysis with 100 replicates using the maximumparsimony algorithm and the program seqboot implemented in PHYLIP. Sequences
were checked for chimerae using the Check_Chimera program (Maidak et al., 2001).
In addition, the terminal 400 nucleotide sequence positions at the 5'- and 3'-ends of
the sequences were subjected separately to treeing analysis (“fractional treeing”; Ludwig
et al., 1997); significant differences in phylogenetic placement of these terminal
sequence fragments were regarded as indicative of chimera formation.
Rarefaction analysis
All assigned clones from the different clone libraries were subject to rarefaction
analysis using the Analytic Rarefaction software (version 1.2; S. M. Holland,
University

of

Georgia,

Athens,

Georgia,

USA,

http://www.uga.edu/strata/Software.html). For this purpose, clones were grouped into
phylotypes using an arbitrarily defined threshold of 97% sequence identity.
T-RFLP analysis
The procedure followed that described in detail by Pester et al. (2004), with the
following modifications. Bacterial 16S rRNA gene sequences were amplified utilizing
primer 27F labeled with the fluorescent dye IRD 700 (pentamethine carbocyanine,
MWG) and unlabeled primer 907R (5'-CCG TCA ATT CCT TTR AGT TT-3'; E. coli
position 907–926) (Lane et al., 1985). PCR was carried out as described above. PCR
amplicons were digested for 3 h at 37°C in 0.2-ml reaction tubes containing 50 ng
DNA, 2.5 U of MspI (MBI), and 2 µl 10× buffer Y+/Tango in a total volume of 20 µl.
T-RFLP analyses were repeated several times once to ensure reproducibility of the
profiles.
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Sequence data
16S rDNA sequences of clones obtained in this study were deposited with Genbank
under the accession numbers AY571391–AY571501.
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Abstract
Lignocellulose digestion by wood-feeding termites depends on the mutualistic
interaction of unusual, flagellate protists located in their hindgut. Most of the
flagellates harbor numerous prokaryotic endobionts of so-far unknown identity and
function. Using a full-cycle molecular approach, we show here that the endosymbionts
of the larger gut flagellates of Reticulitermes santonensis belong to the so-called Termite
Group 1 (TG-1) bacteria, a group of clones previously obtained exclusively from gut
homogenates of Reticulitermes speratus that are only distantly related to other bacteria
and are considered a novel bacterial phylum based on their 16S rRNA gene sequences.
Fluorescence in-situ hybridization with specifically designed oligonucleotide probes
confirmed that TG-1 bacteria were indeed located within the flagellate cells and
demonstrated that Trichonympha agilis (Hypermastigida) and Pyrsonympha vertens
(Oxymonadida) harbor phylogenetically distinct populations of symbionts (< 95%
sequence similarity). Transmission electron microscopy revealed that the symbionts are
small, spindle-shaped cells (0.6 µm length and 0.3 µm diameter) surrounded by two
membranes and located within the cytoplasm of their hosts. The symbionts of the two
flagellates are described as candidate species in the candidate genus 'Endomicrobium'.
Moreover, we provide evidence that the members of the TG-1 phylum, for which we
propose the candidate name 'Endomicrobia', are phylogenetically extremely diverse and
are present in and also restricted to the guts of all lower termites and wood-feeding
cockroaches of the genus Cryptocercus ― the only insects that are in an exclusive,
obligately mutualistic association with such unique cellulose-fermenting protists.
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Introduction
Digestive symbioses are most common among insects feeding on wood or other
lignified plant materials. The most prominent example is that of wood-feeding
termites (order: Isoptera), where the symbiotic digestion of lignocellulose is a complex
series of events involving both the host and its gut microbiota. While the events in
foregut and midgut are mainly due to host activities, the digestive processes in the
hindgut are largely controlled by the symbiotic gut microbiota (Breznak, 2000; Brune,
2003).
In the evolutionary lower termites, the bulk of the hindgut volume is occupied by
unicellular eukaryotes, which belong to several flagellate taxa that are unique to
termites (Honigberg, 1970; Yamin, 1979). These oxygen-sensitive protozoa, which can
make up more than one-third of the body weight of their host, are essential for wood
digestion and represent the major source of cellulolytic and xylanolytic activities in
the hindgut (Honigberg, 1970; Inoue, 1997).
Although up to 85% of the total prokaryotes in the termite gut are associated with
the gut flagellates (Berchtold et al., 1999), only a few of the epibiotic bacteria have
been identified using molecular techniques (Tokura et al., 2000; Noda et al., 2003;
Wenzel et al., 2003). While the autofluorescent microorganisms within certain smaller
gut flagellates are probably methanoarchaea (Lee et al., 1987; Tokura et al., 2000), the
nature and identity of the endobionts of all larger gut flagellates (Smith and Arnott,
1974; Bloodgood and Fitzharris, 1976; Radek et al., 1992) is completely obscure.

Materials and Methods
Sorting of flagellates and cloning of bacterial 16S rRNA genes
Termite hindguts were carefully ruptured and a suspension of gut flagellates was
prepared as described (Stingl and Brune, 2003), except that the cells were not fixed
with formaldehyde. Flagellates were sorted with a micropipette and washed in
phosphate-buffered saline to minimize the amount of loosely attached bacteria (Stingl
et al., 2004). DNA was extracted from 80–100 flagellates of each species. 16S rRNA
genes were amplified by PCR with primers 27F and 1492R and cloned in Escherichia
coli (Stingl and Brune, 2003).
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Primer design and cloning of 16S rRNA genes of TG-1 bacteria
DNA was extracted with a bead-beating protocol (Stingl and Brune, 2003) from 3 to
10 hindguts suspended in 800 µl sodium phosphate buffer (120 mM, pH 8). TG-1specific primers, designed with the primer design function of the ARB software
package (Ludwig et al., 2004) (version 2.5b; http://www.arb-home.de), exactly matched
all existing TG-1 sequences from Reticulitermes spp. and had at least three (TG1-209F;
5’-AATGCGTTTTGAGATGGTCCTG-3’)

or

one

mismatches

(TG1-1325R;

5’-

GATTCCTACTTCATGTTG-3’) to all other sequences in the ARB database. The
modified PCR protocol (Stingl and Brune, 2003) used 1 µl of the extracted DNA as
template and consisted of an initial denaturing step (3 min at 90 °C), 30 cycles (30 s at
90 °C, 45 s at 54 °C and 30 s at 72 °C), and a final extension step (5 min at 72 °C);
the optimal primer annealing temperature was experimentally determined.
Sequencing and phylogenetic analysis
Clones with correct inserts were sorted by RFLP analysis (Stingl and Brune, 2003), and
the inserts of two representative clones per ribotype (identical fragments with two
different restriction enzymes) were sequenced on both strands using standard primers
(Stingl et al., 2004) or, in the case of TG-1-specific PCR products, M13 vector primers.
Sequence data were analyzed using the ARB software package (Ludwig et al., 2004).
The new sequences were added to the ARB database and aligned using the Fast Aligner
tool implemented in ARB; alignments were checked and manually corrected where
necessary. Nucleotide sequences were deposited with GenBank under accession
numbers AY512588–90, AY572027–28, and AY679171–224.
Phylogenetic trees were calculated using fastDNAmL, a maximum-likelihood
method implemented in ARB. The stability of the branching pattern was tested using
the neighbor-joining and maximum-parsimony (DNAPARS) methods included in the
PHYLIP package implemented in ARB. The reproducibility of the branching pattern
was confirmed by bootstrap analysis using the maximum-parsimony algorithm and
the program seqboot in the PHYLIP package. In all phylogenetic analyses, only those
positions of the alignment that were identical in at least 50% of all sequences were
used.
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Probe design and in situ hybridization
Oligonucleotide probes for the clones obtained from Trichonympha agilis (probe TG1Ta-Rsa; 5’-ACT GAC TCC CTT GCG GGT CA-3’) and Pyrsonympha vertens (probe:
TG1-Pv-Rsa; 5’-GCT AAC TCC CTT GCG AGT CA-3’) were designed and checked for
specificity using the respective functions of the ARB software. They had three
mismatches among each other and more than three mismatches with all sequences
other than TG-1 clones in the ARB database (ProbeMatch) and in GenBank (BLAST).
In situ hybridization of formaldehyde-fixed hindgut suspensions (Stingl et al., 2004)
was performed at the maximal possible formamide concentration (30%); unspecific
binding of the probes was excluded by checking every sample also with a nonsense
probe (Stingl et al., 2004). The probe information has been submitted to probeBase
(http://www.microbial-ecology.de/probebase).
Transmission electron microscopy
Several worker larvae of Reticulitermes santonensis were dissected, and the contents of the
hindgut paunch were released into 0.05 M sodium cacodylate buffer (pH 7.2)
containing 2.5% glutaraldehyde. The flagellates were pre-fixed for 1 h, washed three
times in the same buffer, and post-fixed in reduced OsO4 (a fresh 1:1 mixture of 2%
OsO4 and 3% K4[Fe(CN)6]) for 1 h on ice. After further rinses in buffer, the cells
were embedded in 3% agar, dehydrated in a series of ethanol and embedded in Spurr’s
resin. Ultra-thin sections were stained with uranyl acetate and lead citrate and observed
using a Philips CEM 120 Bio-Twin electron microscope.

Results
Cloning and sequencing
Using micropipettes, we separated 80–100 individuals each of Trichonympha agilis
(Hypermastigida) and Pyrsonympha vertens (Oxymonadida) ― the two larger flagellates
species in the termite Reticulitermes santonensis ― from the termite hindgut contents,
extracted the DNA, and amplified and cloned the 16S rRNA genes of the bacteria
associated with the respective flagellate. Analysis of the resulting clone libraries
revealed that a single ribotype dominated among the clones from Trichonympha agilis
(78% of the clones) and another single ribotype dominated among the clones from
Pyrsonympha vertens (50% of the clones). Randomly chosen clones from each clone
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group had identical sequences and clustered, together with clones from Pyrsonympha
vertens in the gut of Reticulitermes flavipes, which were obtained using the same
technique (details not shown), among the so-called Termite Group 1 (TG-1) bacteria
(Ohkuma and Kudo, 1996; Hongoh et al., 2003; Yang et al., 2004).
Fluorescence in situ hybridization (FISH)
The bacteria represented by the TG-1 clones obtained from the respective fractions
were localized by in situ hybridization with fluorescent oligonucleotide probes.
Flagellate suspensions hybridized with the Bacteria-specific probe EUB 338 showed
large numbers of cells within both flagellates, whereas oligonucleotide probes
specifically designed for the clones from Trichonympha agilis or Pyrsonympha vertens
hybridized only with bacterial cells within the respective flagellate (Fig. 1). They did
not hybridize with any of the bacteria attached to the cell surface of the flagellates,
associated with other flagellate species, or freely suspended in the hindgut fluid,
confirming that the two populations of endobionts are specific for their respective
flagellate host.
The TG-1 bacteria in Trichonympha agilis formed an apparently homogenous
population (about 800 cells per flagellate) of small rod-shaped cells concentrated in the
median portion of the cell (Fig. 1), forming a cylindrical collar around the nucleus. In
Pyrsonympha vertens, the TG-1 bacteria (about 1200 cells per flagellate) were distributed
more evenly throughout the cytoplasm. Bacterial colonization of the nucleus was not
observed. Approximately 10% of the Pyrsonympha cells harbored also a second, less
abundant morphotype of larger, rod-shaped cells (about 100 cells per flagellate), which
hybridized with the EUB338 probe, but not with the TG-1-specific probes. Also these
cells were distributed evenly in the cytoplasm and most likely represent the secondmost abundant ribotype in the clone library from Pyrsonympha vertens. These clones
(RsaPv13–14, AY572027–28) and other clones obtained from the same flagellate species
in the gut of Reticulitermes flavipes clustered among Bacteroidales-related clones obtained
from gut homogenates of several Reticulitermes species (Hongoh et al., 2003; Yang et al.,
2004) and were further investigated in a different context (Yang et al., 2004).
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Figure 1:
Whole-cell hybridization of gut flagellates from Reticulitermes santonensis with
Cy3-labeled clone-group-specific oligonucleotides probes, showing each epifluorescence
photomicrograph next to the corresponding phase-contrast photomicrograph. A,B:
Trichonympha agilis hybridized with TG1-Ta-Rsa. C,D: Pyrsonympha vertens hybridized with
TG1-Pv-Rsa. Bar applies to all images, 25 µm.

Transmission electron microscopy
Transmission electron microscopy of ultra-thin sections confirmed that both
Trichonympha agilis and Pyrsonympha vertens contained numerous prokaryotic cells,
which occurred exclusively in the cytoplasm of the host flagellates (Fig. 2). The
uniform appearance, morphological similarity, and the absence of other bacterial
morphotypes in most flagellate sections were taken as strong evidence that these cells
are identical to those hybridizing with the probes specific for TG-1.
The TG-1 endobionts of both flagellates were small rods with an average length of
approx. 0.6 µm and an average diameter of approx. 0.3 µm. Unusual are their
distinctly tapered cell poles, which give the cells a spindle-shaped appearance in
longitudinal sections (Fig. 2A, E). The cells appear to be surrounded by two

Cytoplasmic symbionts of termite gut flagellate form a separate bacterial phylum

55

membranes. It is not clear whether the outermost membrane represents the outer
membrane of a Gram-negative cell or whether it is formed by the host.

Figure 2:
Transmission-electron micrographs of ultra-thin sections of Trichonympha agilis
(A–C) and Pyrsonympha vertens (D, E) showing endobiotic bacteria surrounded by two
membranes (arrowheads in C); the outermost membrane forms tube-like elongations at the
tapered cell poles (arrows in A, B). The cytoplasm of the endobionts contains ribosomes (r),
filamentous nuclear material (f), and occasional granular inclusions (i). g glycogen. Bars, 0.2
µm.

The cytoplasm of the endobionts contained numerous ribosomes, areas of curved,
parallel-packed thin fibers (presumably DNA), and scattered electron-dense granular
inclusions with an electron-lucent halo (complete diameter 0.07–0.09 µm). In the
Pyrsonympha endobionts, such inclusions were rare. Otherwise, the endobionts of the
two flagellates appeared almost identical, except that the outermost membrane of the
Trichonympha endobionts formed tubular extensions of 0.05 µm diameter extending
into the cytoplasm; the maximal observed length of these structures was 0.5 µm. Such
membranous extensions were never observed with the endobionts of Pyrsonympha.
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Figure 3: Phylogenetic relationship of the 'Endomicrobia', showing the position of
'Endomicrobium pyrsonymphae' and 'Endomicrobium trichonymphae' among the clones
obtained from other termites and the wood-feeding cockroach Cryptocercus punctulatus (see
Table 1). The clone designations are followed by the host species, the abbreviation for the
respective family (K: Kalotermitidae, H: Hodotermitidae, R: Rhinotermitidae, M:
Mastotermitidae, T: Termopsidae, C: Blattodea: Cryptocercidae), and the GenBank accession
numbers. The tree is based on maximum-likelihood analysis of the 16S rRNA gene sequences
of all 65 TG-1 clones and a selection of reference organisms from the next-closely related
phyla. Only those base positions that were identical in more than 50% of the aligned TG-1
sequences (1098 alignment positions) were included in the phylogenetic analyses. All
marked nodes were supported also in alternate phylogenetic analyses employing maximumparsimony and neighbor-joining algorithms and had bootstrap values (DNAPARS, 1,000
replicates) of >99% (●) and >50% (○). Bar represents 10 substitutions per 100 nucleotides.

Occurrence of TG-1 bacteria among other termites
Although all clones within the TG-1 phylum were amplified with standard primers,
such sequences have not been retrieved from any other environment than from
termites of the genus Reticulitermes (Ohkuma and Kudo, 1996; Hongoh et al., 2003;
Yang et al., 2004). Therefore, we investigated the occurrence of TG-1 bacteria among
termites from different families by amplifying a fragment of the 16S rRNA gene with
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newly designed TG-1-specific primers, which were based on consensus regions among
all TG-1 sequences available.
Table 1. Termite species harboring TG-1-related phylotypes.
Host taxon
Rhinotermitidae
Coptotermes formosanus
Reticulitermes flavipes
Reticulitermes santonensis
Reticulitermes speratus
Schedorhinotermes lamanianus
Termopsidae
Zootermopsis nevadensis
Hodotermitidae
Hodotermes mossambicus
Kalotermitidae
Cryptotermes havilandi
Cryptotermes secundus
Incisitermes tabogae
Incisitermes marginipennis
Kalotermes flavisollis
Neotermes castaneus
Neotermes cubanus
Mastotermitidae
Mastotermes darwiniensis
Cryptocercidae (Blattodea)
Cryptocercus punctulatus

Number of phylotypes
ND
ND
3
4
2
1
4
ND
7
ND
ND
4
ND
3
1
6

In all species listed, the assays yielded PCR products with TG-1-specific primers; phylotypes
represent TG-1 clone groups with less than 1.5% sequence divergence. Sequences from R. speratus and R.
santonensis obtained in other studies were included (Ohkuma and Kudo, 1996; Hongoh et al., 2003;
Yang et al., 2004). ND, not determined.

PCR products of the expected length (approx. 1100 bp) were obtained from DNA
extracted from the hindguts of all lower termites tested and from the hindgut of the
wood-feeding cockroach Cryptocercus punctulatus (Table 1), which represent those
families that harbor oxymonadid and/or hypermastigid gut flagellates (Yamin, 1979).
No PCR product was obtained from higher termites (Cubitermes orthognathus and
Amitermes sp., family: Termitidae), which all lack gut flagellates. PCR products of
representatives of all families were cloned and sequenced (Table 1). A detailed
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phylogenetic analysis revealed that all sequences form a monophyletic group
comprising also the TG-1 sequences previously obtained from Reticulitermes species
(Fig. 3), and were only distantly related (<84% sequence identity) to their next
relatives, clones obtained from activated sludge or from a contaminated aquifer
(Hugenholtz et al., 1998). The isolated phylogenetic position of TG-1 bacteria relative
to other phyla was supported by all algorithms and a high bootstrap value.
The 16S rRNA sequence of the TG-1 bacteria in Pyrsonympha vertens from
Reticulitermes santonensis was virtually identical to the TG-1-related clones obtained
from the same flagellate species in the gut of Reticulitermes flavipes, using the same
procedure (details not shown). The closest relatives of the TG-1 bacteria in
Trichonympha agilis were clones previously obtained from gut homogenates of the sister
species Reticulitermes speratus (Hongoh et al., 2003), which also contains Trichonympha
agilis (Yamin, 1979). However, the next closest relatives of the clones from these
rhinotermitid species were TG-1 sequences obtained from kalotermitid and termopsid
species (Fig. 3). Moreover, TG-1 sequences obtained from the same host species (e.g.,
Hodotermes mossambicus and Kalotermes flavicollis) fell into different clusters, which
often comprised sequences from various termite families.

Discussion
In this study, we demonstrated unequivocally that the endosymbiotic bacteria of the
larger gut flagellates of Reticulitermes santonensis belong to the so-called “Termite Group
1“ (TG-1), a cluster of 16S rRNA gene clones that had been retrieved previously from
gut suspensions of the closely related Reticulitermes speratus (Ohkuma and Kudo, 1996;
Hongoh et al., 2003). The first TG-1 sequences had been reported by Ohkuma and
Kudo already in 1996, but the novelty of the finding went unnoticed until
Hugenholtz and Pace pointed out that the sequences represented a new bacterial
phylum (Hugenholtz et al., 1998). Although a more comprehensive clone library of
the same termite species (Hongoh et al., 2003) indicated that TG-1 bacteria should be
present in considerable numbers, their nature and identity remained completely
obscure. Our results resolve the exact location of the TG-1 bacteria within their
flagellate hosts and document for the first time their ultrastructure.
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We also showed that TG-1 bacteria are present in – and restricted to – all insects
associated with symbiotic gut flagellates. This supports the assumption that all TG-1
bacteria are obligate endosymbionts of termite gut flagellates and explains the
uniqueness of their phylogeny and their exclusive occurrence in the hindgut of lower
termites and wood-feeding cockroaches of the genus Cryptocercus. We therefore propose
the name 'Endomicrobia' for this lineage of uncultivated bacteria, and describe the TG-1
bacteria unequivocally identified as endosymbionts of the two flagellate species as two
candidate species in the candidate genus 'Endomicrobium'. Although several
environmental clones of non-termite origin had been included among the TG-1
bacteria (Hugenholtz et al., 1998), their large phylogenetic distances to the termite
clones and the deep branching point (Fig. 3) indicate that they may represent yet
another bacterial phylum.
Diversity of TG-1 sequences
The TG-1 sequences obtained from the various termite species are extremely diverse,
but there is no direct correlation between the phylogenies of the TG-1 bacteria and of
the species from which they were retrieved. The TG-1 clones present in a single
termites species are often polyphyletic, and the individual lineages may represent
endosymbionts of different flagellates, as evidenced by the case of Trichonympha agilis
and Pyrsonympha vertens in R. santonensis. Rather, the large phylogenetic distances
among TG-1 bacteria from the same termite species suggest a coevolution between TG1 endobionts and their flagellate hosts. However, in order to substantiate this
hypothesis, it will be necessary to establish in parallel robust molecular phylogenies of
the protozoa and termites involved in the tripartite symbiosis, and to take into
account also the rather complex distribution of certain flagellate taxa among their
termite hosts (Yamin, 1979; Keeling et al., 1998).
The evolutionary distances (ML distances) within the TG-1 phylum (up to 10%) are
remarkable. Evolutionary distances among the Blattabacterium endosymbionts of
Cryptocercus spp. and Mastotermes darwiniensis, which were present also in their
common dictyopteran ancestor, are below 4.5% (Lo et al., 2003). Unless the molecular
clock speed differs considerably among blattabacteria and TG-1 endosymbionts, the
endosymbiotic event between the ancestors of flagellates and TG-1 bacteria must have
occurred earlier than the divergence of termites and cockroaches in the early
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Cretaceous Period more than 144 million years ago (Thorne et al., 2000). On the other
hand, the relative proximity between the TG-1 bacteria in Trichonympha agilis and
Pyrsonympha vertens (5% sequence divergence), despite the large evolutionary distance
between parabasalid and oxymonadid flagellates (Dacks et al., 2001; Stingl and Brune,
2003), suggests a non-vertical transfer of endosymbionts among representatives of
these taxa. Also the proximity of the TG-1 sequences from Cryptocercus punctulatus to
TG-1 sequences retrieved from several termites may also add new arguments to the
controversial discussion concerning an ancestral transfer of flagellate symbionts
between wood-feeding termites and cockroaches (Nalepa, 1991; Thorne, 1991).
Ultrastructure and subcellular location
The presence of endobiotic bacteria in many termite gut flagellates had been
recognized already quite early (Kirby, 1941; Ball, 1969). The cytoplasmic bacteria
found in Trichonympha collaris (Grimstone and Gibbons, 1966) resemble the TG-1
bacteria described in the present study, although membranous extensions were not
reported. Smith and Arnott (1974) observed two types of endobionts in Pyrsonympha
vertens from Reticulitermes flavipes, a Gram-positive rod and a smaller oval, Gramnegative bacterium. The latter resembles the endobiont of P. vertens from R. santonensis
described in this study; it was found to occur free in the cytoplasm but also enclosed
in vesicles, endoplasmic reticulum and nuclear envelope. Also Bloodgood and
Fitzharris (1976) reported rod-like endobionts in Pyrsonympha spp. from Reticulitermes
flavipes and Reticulitermes tibialis and in Trichonympha spp. from Reticulitermes flavipes
and the wood-feeding cockroach Cryptocercus punctulatus. Although none of these
reports contain a molecular identification, morphology and ultrastructure of the
symbionts are in agreement with the presence of TG-1 bacteria in all flagellates of
these genera.
The intracellular distribution of TG-1 bacteria in the two flagellate species differs
markedly (Fig. 1). In Pyrsonympha vertens, the symbionts are found throughout the cell,
which has only few internal structures (Bloodgood et al., 1974). In Trichonympha agilis,
they are restricted to a central cylinder, which probably reflects the space occupied by
the nucleus and the pronounced parabasalian body, which takes up a large portion of
the cytoplasm (Hollande and Carruette-Valentin, 1971). This is in agreement with the
absence of TG-1-like bacteria from the nucleus (this study).
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Possible functions of the symbionts
Phylogenetic analysis of the bacterial communities in the guts of Reticulitermes speratus
(Hongoh et al., 2003) and Reticulitermes santonensis (Yang et al., 2004) indicate that TG1 bacteria are quite abundant within the gut. Although the spirochetes are considered
the predominant bacterial phylum within the termite gut ecosystems (Breznak and
Leadbetter, 2002), they may actually be outnumbered by TG-1 bacteria at the species
level – the spirochetal community in Reticulitermes species is extremely diverse, whereas
TG-1 bacteria are generally represented by only a few phylotypes, probably reflecting
the number of TG-1-containing flagellate species within the respective termite. Based
on the abundance of Trichonympha agilis and Pyrsonympha vertens cells in the hindgut
of Reticulitermes flavipes (Cook and Gold, 1998) and the average per-cell number of TG1 bacteria in each of these flagellates (this study), we have estimated the total number
of TG-1 bacteria in the hindgut with 3–4 x 106 cell per gut, which would represent
more than half of the prokaryotic cells counted in gut homogenates of this termite
(Tholen et al., 1997).
The most intriguing question for future studies definitely concerns possible
advantages of TG-1 endosymbionts for their flagellate hosts and their general role in
hindgut metabolism. The production of cellulases or the fixation of nitrogen have
been suggested as possible functions of the prokaryotic endobionts of gut flagellates
(Bloodgood and Fitzharris, 1976), but at least the former hypothesis was already
dismissed by the finding that after elimination of the endosymbionts by antibiotics,
the hypermastigote Trichonympha was still capable of cellulose degradation (Yamin,
1981) and by the demonstration of cellulase genes in the genome of certain gut
protozoa (Ohtoko et al., 2000). However, an involvement of TG-1 bacteria in
important gut processes such as nitrogen fixation, ammonium assimilation, or the
provision of essential amino acids and vitamins (Brune, 2003) remain feasible
alternatives.
Another possibility would be a function in hydrogen metabolism, e.g., by
catalyzing reductive acetogenesis from CO2 (Bloodgood and Fitzharris, 1976), but
unlike Trichonympha species, Pyrsonympha species lack hydrogenosomes (Bloodgood et
al., 1974) and may not even form H2 as fermentation product. However, the
fermentative metabolism of termite gut flagellates is poorly studied, and especially in
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the case of oxymonads, further work is sorely needed. Reduced fermentation products
other than hydrogen would open the possibility of hitherto unrecognized metabolic
links between the protozoa and their prokaryotic symbionts. Microinjection of
radiolabeled metabolites into the hindgut of Reticulitermes flavipes has revealed that
lactate is an important intermediate in the carbon flux from polysaccharides to
acetate, but the microorganisms responsible for the production and consumption of
lactate remain to be identified (Tholen and Brune, 2001).
In any case, the large numbers of endobionts per flagellate, their apparently
ubiquitous distribution among all termites harboring gut flagellates, and the large
number of flagellates in the gut already implies an important role in the tripartite
symbiosis between the endobionts and their flagellate and termite hosts.
Following the recommendation of Stackebrandt et al. (2002), who encouraged use
of the Candidatus concept for well-characterized but as-yet uncultured organisms, we
propose the provisional classification of the symbionts of Trichonympha agilis and
Pyrsonympha vertens as 'Candidatus Endomicrobium trichonymphae' and 'Candidatus
Endomicrobium pyrsonymphae' in the candidate phylum 'Endomicrobia'.
Description of the candidate phylum 'Endomicrobia'
Endomicrobia (En.do.mi.cro'bi.a. N.L. neu. n. Endomicrobium, a candidate genus of
bacteria; N.L. neu. pl. n. Endomicrobia phylum of the candidate genus Endomicrobium).
A lineage of bacteria present in and apparently also restricted to the guts of all
lower termites and wood-feeding cockroaches of the genus Cryptocercus. The lineage
currently encompasses 33 different phylotypes with a 16S rRNA sequence divergence
of more than 1.5% from 10 termite species and the wood-feeding cockroach
Cryptocercus punctulatus.
Description of the candidate genus 'Endomicrobium'
Endomicrobium [En.do.mi.cro'bi.um. pref. endo from G. endon, within; N.L. neut. n.
microbium, microbe; N.L. neut. n. endomicrobium, a microbe within (a protist)].
Small, spindle-shaped bacteria (approx. 0.6 µm length and 0.3 µm diameter) with
distinctly tapered cell poles, surrounded by two membranes. Colonize the cytoplasm
of flagellate protists.
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Description of the candidate species 'Endomicrobium trichonymphae'
Endomicrobium trichonymphae (tri.cho.nym'phae. N.L. n. Trichonympha, a genus of
flagellate protists; N.L. gen. n. trichonymphae, of Trichonympha, referring to the host
genus.
Description is the same as for the genus. Colonizes the cytoplasm of the flagellate
Trichonympha agilis. The outermost membrane forms tubular extensions into the
cytoplasm of the host. Basis of assignment: 16S rRNA gene sequence (accession
number: AY512588), hybridization with 16S rRNA-targeted oligonucleotide probe (5’ACT GAC TCC CTT GCG GGT CA-3'). Source: hindgut of the termite Reticulitermes
santonensis (Feytaud); so far uncultured.
Description of the candidate species 'Endomicrobium pyrsonymphae'
Endomicrobium pyrsonymphae (pyr.so.nym'phae. N.L. n. Pyrsonympha, a genus of
flagellate protists; N.L. gen. n. pyrsonymphae, of Pyrsonympha, referring to the host
genus.
Description is the same as for the genus. Colonizes the cytoplasm of the flagellate
Pyrsonympha vertens. The outermost membrane does not form tubular extensions. Basis
of assignment: 16S rRNA gene sequence (accession number: AY512589), hybridization
with 16S rRNA-targeted oligonucleotide probe (5’-GCT AAC TCC CTT GCG AGT
CA-3'). Source: hindgut of the termite Reticulitermes santonensis (Feytaud); so far
uncultured.
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Summary
The symbioses between cellulose-degrading flagellates and bacteria are one of the most
fascinating phenomena in the complex micro-ecosystem found in the hindgut of lower
termites. Yet, little is known about the identity of the symbionts. One example is the
epibiotic bacteria colonizing the surface of hypermastigote protists of the genus
Staurojoenina. By using scanning electron microscopy, we could show that the whole
surface of Staurojoenina sp. from Neotermes cubanus is densely covered with long rodshaped bacteria of uniform size and morphology. PCR amplification of 16S rRNA
genes from isolated protozoa and subsequent cloning yielded a uniform collection of
clones with virtually identical sequences. Phylogenetic analysis placed them as a new
lineage among the Bacteroidales, only distantly related to other uncultivated bacteria in
the hindgut of other termites, including an epibiont of the flagellate Mixotricha
paradoxa. The closest cultivated relative was Tannerella forsythensis (<85% sequence
identity). Fluorescence in situ hybridization with a newly designed clone-specific
oligonucleotide probe confirmed that these sequences belong to the rod-shaped
epibionts of Staurojoenina sp. Transmission electron microscopy confirmed the
presence of a Gram-negative cell wall and revealed special attachment sites for the
symbionts on the cell envelope of the flagellate host. Based on the isolated
phylogenetic position and the specific association with the surface of Staurojoenina sp.,
we propose to classify this new taxon of Bacteroidales under the provisional name
‘Candidatus Vestibaculum illigatum’.
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Introduction
Wood-feeding termites depend on their symbiotic gut microbiota for lignocellulose
digestion (Brune, 2003). In their guts, an impressively dense assemblage of unusual
flagellate protists and prokaryotic symbionts contribute to the digestion of their
chemically recalcitrant diet (Breznak and Brune, 1994; Radek, 1999; Inoue et al., 2000).
Although the role of the flagellates in cellulose degradation was discovered almost 80
years ago (Cleveland, 1926), and the fermentative nature of these symbionts has
already been outlined in the 1940s (for a review, see Hungate, 1955), many details still
remain to be resolved. Especially the nature and function of the prokaryotic epibionts
associated with most of the flagellates (e.g., Ball, 1969; Lavette, 1969; Starr, 1975;
Dolan, 2001) is far from clear. The presence of special attachment sites on the cell
envelope of the flagellates (Smith and Arnott, 1974; Tamm, 1980; Radek et al., 1992;
Radek et al., 1996) indicate tight interactions, but only in the case of Mixotricha
paradoxa (Cleveland and Grimstone, 1964) and a devescovinid flagellate (Tamm, 1982),
has a function of the epibionts in the motility of the host cell been demonstrated.
Apart from some epibiotic spirochetes (Iida et al., 2000; Noda et al., 2003) of several
other gut flagellates, the epibionts of M. paradoxa (Wenzel et al., 2003) are also among
the few instances where a phylogenetic affiliation of the prokaryotic partners has been
substantiated (Dolan, 2001).
Flagellates of the genus Staurojoenina are found only among the “dry-wood
termites” (family Kalotermitidae) (Yamin, 1979; Dolan and Margulis, 1997). In their
communication, Dolan and Margulis (1997) published excellent electron micrographs
prepared by the late David Chase, which document that the surface of Staurojoenina
assimilis from Incisitermes minor is covered with unusual epibiotic bacteria. The
ultrastructure of the junctional complexes is completely different from that of the
motility symbionts of Caduceia versatilis (Tamm, 1980; d'Ambrosio et al., 1999), and
only remotely resembles the situation of the second epibiont of M. paradoxa
(Cleveland and Grimstone, 1964; Wenzel et al., 2003). It is likely that also the nature
of the association between Staurojoenina species and their epibiotic bacteria differs
from those examples. In this study, we present a detailed analysis of identity,
phylogenetic position, and ultrastructure of the epibionts associated with a hitherto
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undescribed Staurojoenina species colonizing the gut of Neotermes cubanus, and classify
them in a provisional Candidatus taxon.

Methods
Termites
A colony of Neotermes cubanus (Freytaud), originally collected in Topes de Collantes,
Cuba, was provided by Dr. I. Hrdy, Praha. The species identification was confirmed by
Drs. J. Krecek, Fort Lauderdale and K. Krishna, New York. Termites were maintained
in polyethylene containers on a diet of pinewood and water.
Scanning and transmission electron microscopy
For scanning electron microscopy, worker larvae of N. cubanus were dissected, and the
contents of the hindgut paunch were released into 0.2 M sodium phosphate buffer
(pH 7.0) containing 2.5% glutaraldehyde and 4% OsO4. The samples were fixed for 1
h on ice, washed three times in the same buffer, dehydrated in a series of ethanol, and
critical-point dried with a Bal-Tec CPD 030. Prior to the investigation with a Philips
SEM 515 or a Fei Quanta scanning electron microscope, the samples were sputtered
with gold in a Balzers Union SCD 040. For transmission electron microscopy, the
flagellates were pre-fixed for 1 h in 0.05 M sodium cacodylate buffer (pH 7.0)
containing 2.5% glutaraldehyde, washed three times in the same buffer, and post-fixed
in reduced OsO4 (a fresh 1:1 mixture of 2% OsO4 and 3% K4[Fe(CN)6]) for 1 h on ice.
After several further rinses in buffer, the cells were embedded in 3% agar, dehydrated
in a series of ethanol, and embedded in Spurr’s resin. Ultra-thin sections were stained
with saturated aqueous uranyl acetate for 30 min, followed by lead citrate staining
according to Reynolds (1963), and observed using a Philips EM 208 electron
microscope.
Preparation of flagellates for DNA extraction
Termite hindguts were carefully ruptured, and a suspension of gut flagellates was
prepared as described (Stingl and Brune, 2003), except that the cells were not fixed
with formaldehyde. An aliquot (15 µl) of the suspension was spotted into the first well
of a 10-well Teflon slide (Roth, Germany). Using an inverted microscope, 50–60
unambiguously identified flagellates of the genus Staurojoenina, which were identified
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by their characteristic morphology (Fig. 1A), were aspirated from the suspension with
a micropipette and transferred to a well containing 15 µl of sterile phosphate-buffered
saline (PBS) (Stingl and Brune, 2003). This procedure was repeated twice to minimize
the amount of loosely attached bacteria in the sample. Finally, 30–40 flagellates were
transferred to a sterile Eppendorf tube with 200 µl PBS. DNA was extracted with the
NucleoSpin kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s
instructions and eluted in 50 µl of sterile water.
Cloning of 16S rRNA genes
PCR with primers 27F (Edwards et al., 1989) and 1492R Weisburg et al., 1991) was
performed with a Mastergradient thermocycler and the MasterTaq DNA polymerase
kit (both Eppendorf, Hamburg, Germany) in a total reaction volume of 50 µl,
following the protocol of Henckel et al. (1999) and using 1 µl of the extracted DNA as
template. After purification (E.Z.N.A. Cycle-Pure kit, peqlab, Erlangen, Germany), the
PCR products (3 µl) were cloned in Escherichia coli, using the TA cloning kit
(Invitrogen, Carlsbad, Calif., USA). Clones with correct size inserts were sorted by
RFLP analysis (Stingl and Brune, 2003).
Sequencing and phylogenetic analysis
The inserts of three randomly chosen clones were sequenced on both strands using
primers 27F (Edwards et al., 1989), 533F, 907R (Lane et al., 1985; used also reverse
complementary), and 1492R (Weisburg et al., 1991) by GATC (Konstanz, Germany).
Sequences

were

checked

and

assembled

using

DNAStar

software

(http://www.dnastar.com). Phylogenetic analysis was done as described elsewhere
(Stingl and Brune, 2003), using the ARB program package (http://www.arb-home.de;
Ludwig and Strunk, 1996).
Whole-cell in situ hybridization
Gut contents of five termites were suspended in 900 µl PBS and fixed for 12 h using
3.7% formaldehyde. Hybridization procedure and conditions were as described in
Stingl and Brune (2003). The oligonucleotide probe Bac303 designed to detect the
Bacteroides/Porphyromonas subgroup of the CFB phylum (Manz et al., 1996) was
modified to achieve specificity for the sequences obtained in this study. Probe
Sym_Stau_303: 5'-CCG GTG TGG GGG ACC TTC-3' had at least one mismatch to all
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other sequences available in GenBank (www.ncbi.nlm.nih.gov). Maximal formamide
concentration for successful hybridization was 15%, which was used routinely.
Nonspecific binding of the probes was excluded by checking every sample also with a
nonsense probe (Wallner et al., 1993). The information on probe Sym_Stau_303 has
been submitted to probeBase (http://www.microbial-ecology.de/probebase; Loy et al.,
2003).

Results
Electron microscopy
Scanning electron microscopy (SEM) showed the presence of rod-shaped bacteria
covering the whole cell surface of Staurojoenina sp. (Fig. 1A). Groups of 5–10 bacterial
cells, oriented in parallel to each other, were arranged in oblique or rectangular
position. The total number of epibionts per flagellate was estimated to be approx.
3,500 per flagellate. While the diameter of the cells (0.3 µm) was rather constant,
length of the symbionts ranged between 2.5 and 6 µm (average 4.0 µm), indicating
asynchronous growth and cell division. Spirochetal cells were occasionally attached
between the rod-shaped epibionts, albeit in much smaller numbers (20–90 per
flagellate, Fig.1B).
Transmission electron microscopy (TEM) of ultra-thin sections of the flagellates
revealed the gram-negative cell wall of the epibiotic rods (Fig. 1C). In addition to the
inner and outer membranes, the cells were surrounded by a diffuse outer layer
(capsule). A plaque of electron-dense extracellular material connected the bacteria to
the flagellate surface. The attachment sites of the flagellates had the form of elongated
ridges, and electron-dense material below the attachment sites apparently serves to
support the plasma membrane. Bacterial rods were found not only attached to the
surface of the flagellates, but also in vacuoles (Fig. 1D). The vacuoles often showed
remnants of the attachment structures, which confirmed that the bacteria were taken
up by phagocytosis. Although phagocytosis apparently occurs all over the nonflagellated surface, the highest density of vacuoles was observed in the posterior region
of the host cell. While the bacteria in the tightly fitting vacuoles located close to the
flagellate surface appeared rather intact, those in loosely fitting vacuoles located deeper
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within the flagellate cell had a changed morphology and were apparently subject to
degradation (not shown). The fusion with lysosomes remains to be demonstrated.

Figure 1: Scanning (A, B) and transmission (C, D) electron micrographs of Staurojoenina sp.
from Neotermes cubanus. A: Overview of a Staurojoenina cell, showing two of the four
flagellar tufts (f), numerous bacterial rods (b), and occasional spirochetes (s) attached to the
surface. B: Close-up of the cell surface, showing single spirochetes between the ectobiotic
rods. Arrows point to early stages of cell division. C: Cross-section of the epibiotic rods. In
addition to inner membrane (im) and outer membrane (om), the cell is surrounded by a
diffuse layer (dl). Electron-dense material supports the plasma membrane of the flagellate
below the attachment sites (arrowhead). The arrow points to a phagocytized rod-shaped
bacterium with remnants of attachment complex. D: Longitudinal section showing bacteria
attached to the cell surface (b) and phagocytized bacteria (arrows).

Cloning and phylogenetic analysis
PCR amplification and cloning of 16S rRNA genes from DNA extracted from a
suspension of hand-picked Staurojoenina cells and subsequent RFLP analysis indicated
that the resulting clone library contained only a single ribotype. Almost full-length
sequences (1417–1418 bp) were obtained for three randomly chosen clones; since the
sequences were virtually identical (>99.5% sequence identity), the clone library was
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considered homogeneous, and only one sequence was submitted to Genbank. The
preliminary BLAST searches (Altschul et al., 1997) had already indicated an affiliation
of the clones with the Bacteroidales. In a detailed phylogenetic analysis (Fig. 2), the
clone from Staurojoenina sp. always fell within a cluster of clones comprising
Bacteroides-related sequences from other termites (Cluster 4; Ohkuma et al., 2002),
including also the rod-shaped symbiont of the trichomonad flagellate Mixotricha
paradoxa (Wenzel et al., 2003). The closest cultivated relative was the human oral
bacterium Tannerella forsythensis, although the sequence similarity is rather low (<85%).

Figure 2: Phylogenetic tree of SSU rRNA gene sequences of the symbiotic bacteria
associated with Staurojoenina sp. from Neotermes cubanus (marked in bold) and their closest
relatives, showing also their relationship to the Bacteroides-related sequences from other
termites (Clusters 1–5, Ohkuma et al., 2002). GenBank accession numbers were included in
the tree, which was constructed with the maximum-likelihood algorithm implemented in ARB
(fast DNAml; Olsen et al., 1994) and is based on 850 unambiguously aligned sequence
positions. Bar represents 10 substitutions per 100 nucleotides.

Assignment of clonal isolates to morphotype by FISH
When hindgut suspensions were hybridized with the bacteria probe EUB 338 (Amann
et al., 1990), all prokaryotic cells attached to the surface of Staurojoenina sp. were
labeled (details not shown). By contrast, the sequence-specific oligonucleotide probe
Sym_Stau_303, specifically designed to detect the 16S rRNA gene sequence of the
clones obtained in this study, hybridized exclusively with all rod-shaped bacterial cells
colonizing the surface of this flagellate (Fig. 3). The probe did not hybridize with any
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bacteria located on or within other flagellate species or with those freely suspended in
the hindgut fluid.

Discussion
The results of this study show that the cell surface of the Staurojoenina sp. colonizing
the gut of Neotermes cubanus is completely covered with rod-shaped microorganisms.
Ultrastructure of the epibionts and their attachment sites closely resembles that of the
epibionts of Staurojoenina assimilis from Incisitermes minor (Dolan and Margulis, 1997).
The epibionts represent a homogenous population related to the Bacteroidales, where
they form a distinct phylogenetic lineage among the 16S rRNA gene clones of other,
hitherto uncultivated bacteria from the hindguts of various termites, only distantly
related to Tannerella forsythensis [formerly: Bacteroides forsythus (Tanner et al., 1986); see
also Maiden et al. (2003)].
Although the 16S rRNA genes of bacteria related to the Bacteroidales are regularly
encountered in termite guts (Schultz and Breznak, 1978; Ohkuma and Kudo, 1996;
Kudo et al., 1998; Berchtold et al., 1999), most of them belong to lineages containing
no cultured representatives (Ohkuma et al., 2002; Hongoh et al., 2003; SchmittWagner et al., 2003). Considering the results of the present study, one reason for these
cultivation problems might be in the symbiotic association with flagellates and a
possibly obligate need for a specific host. Interestingly, the epibionts of Staurojoenina
sp. fall into the same cluster of the Bacteroidales as one of the two epibionts of the
trichomonad flagellate Mixotricha paradoxa from Mastotermes darwiniensis (Wenzel et al.,
2003).
There are two preliminary reports on the ectosymbionts of the hypermastigid
flagellate Barbulanympha spp. from the gut of the wood-eating roach Cryptocercus
punctulatus (Merritt, P., Goss, S. and Gunderson, J., Abstr. 96th Gen. Meet. Am. Soc.
Microbiol. 1996, abstr. N-180) and a devescovinid flagellate Caduceia species from the
gut of Cryptotermes cavifrons (Goss, S. H. and Gunderson, J. H., Abstr. 100th Gen.
Meet. Am. Soc. Microbiol. 2000, abstr. N-149), which were apparently identified
members of the Bacteroides/Porphyromonas subgroup. Although details were never
published, it seems likely that many of the Bacteroides-related 16S rRNA genes
recovered from the guts of lower termites (Ohkuma et al. 2002; Hongoh et al., 2003)
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represent epibionts of gut flagellates. A larger dataset might allow an excellent case
study of co-evolution between the bacterial symbionts and their flagellate hosts.

A

C

B

D

Figure 3: Phase-contrast photomicrographs (A, C) and corresponding epifluorescence
photomicrographs (B, D) of Neotermes cubanus hindgut suspensions hybridized with the
Cy3-labeled nonsense probe (B) or the sequence-specific oligonucleotide probe
Sym_Stau_303 (D). Each image pair shows the same field of view containing several gut
flagellates, each including a large Staurojoenina cell. Epifluorescence photomicrographs were
taken with the same filter sets and exposure time to illustrate the specificity of probe
Sym_Stau_303 for the epibionts of Staurojoenina sp.; the slight autofluorescence present in
all flagellates was not caused by the probes. Bars, 50 µm.

The function of the epibionts of Staurojoenina species is not yet clear, but in view of
the enormous numbers of bacteria present on each flagellate, it is suggestive that they
play an important role for the host. Cleveland and Grimstone (1964) provided an
elegant description of the fascinating motility symbiosis between Mixotricha paradoxa
and its epibiotic spirochetes, which were recently identified as members of the
Treponema cluster by 16S rRNA gene sequence analysis (Wenzel et al., 2003). Mixotricha
paradoxa, which occurs only in the gut of Mastotermes darwiniensis, is propelled by the
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helical undulations of the spirochetes adhering to the host membrane through
specialized cell junctions. The spirochetes are attached to projecting brackets of the
cell surface in a manner that allows the helical movement of the individual cells to
travel in metachronal waves along the cell surface of the host, resulting in locomotion
(Cleveland and Grimstone, 1964).
Also the devescovinid flagellate “Rubberneckia”, recently described as Caduceia
versatilis (d'Ambrosio et al., 1999), is densely colonized by two different bacterial
epibionts (Tamm, 1982). In this case, the rod-shaped bacteria (2,000–3,000 per
flagellate) are deeply embedded into the cell surface of the host, which is propelled by
the self-synchronizing movement of the bacterial flagella (Tamm, 1982). Although the
ultrastructure of the junctional complex is completely different, the morphology of
these symbionts resembles that of the epibionts of Staurojoenina. This agrees with the
preliminary report that Caduceia spp. from Cryptotermes cavifrons are associated with
members of the Bacteroides/Porphyromonas subgroup (Goss, S. H. and Gunderson, J. H.,
Abstr. 100th Gen. Meet. Am. Soc. Microbiol. 2000, abstr. N-149). However, our lightmicroscopy observation of live preparations of Staurojoenina flagellates, which are
highly motile and possess four large tufts of eukaryotic flagella (Fig. 1), did not yield
any evidence for motility of the attached bacteria, and a motility symbiosis seems
unlikely.
It is more feasible that the interactions between epibionts and hosts are of a
metabolic nature. Many bacteria among the Bacteroidales are polysaccharide-fermenting
anaerobes, some of them producing cellulases and other fiber-degrading enzymes,
which might complement enzyme activities lacking in the host. Although the large
phylogenetic distance to the closest cultivated relative (<85% sequence identity) allows
no safe predictions of the physiological properties of the epibionts, the epibionts
might benefit from the reduced products of the flagellate’s fermentative metabolism.
Again, nothing is known about the fermentation products of Staurojoenina species, but
there is circumstantial evidence that the flagellates in the hindgut of Reticulitermes
flavipes form lactate as a major product (Tholen and Brune, 2000). The principal
possibility for a cross feeding of lactate between lactic acid bacteria and a Bacteroides
isolate from this termite has been previously demonstrated (Schultz and Breznak,
1979).
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Yet another, but equally plausible function of the epibionts and their benefit for
the flagellate host might lie in the observation that phagocytized cells of the epibionts
were regularly encountered in digestive vacuoles (see Fig. 1D). Since wood is an
extremely nitrogen-poor diet, it is suggestive that the protein-rich bacteria on the cell
membrane are an excellent nitrogen source for the host. Although it is not known
whether the intestinal flagellates require an organic nitrogen source, the epibionts are
likely to assimilate ammonia from the gut fluid, and might even fix dinitrogen
(Breznak, 2000). Obviously, more work is necessary to understand the nature of this
symbiosis and the respective functions of the symbiotic partners.
Description of ‘Candidatus Vestibaculum illigatum’ gen. nov., sp. nov.
Vestibaculum illigatum (ves.ti.ba'cu.lum. L. fem. n. vestis the covering for the body,
clothing, L. neutr. n. baculum a (walking) stick, N.L. neutr. n. vestibaculum a stickshaped part of the body cover; il.li.ga'tum. L. perf. part. pass. of the v. illigo bound,
fastened, attached).
The short description is as follows: Rod-shaped bacterium of constant diameter (0.3
µm) and variable length (2.5–6 µm). Gram-negative cell wall structure with outer
membrane. Colonizes the cell surface of Staurojoenina sp., to which it is connected by
electron-dense extracellular material. Basis of assignment: 16S rRNA gene sequence
(accession number: AY540335), hybridisation with 16S rRNA-targeted oligonucleotide
probe (5’-CCG GTG TGG GGG ACC TTC-3'). Source: Epibiont of Staurojoenina
flagellates from the gut of the termite Neotermes cubanus (Freytaud); so far uncultured.
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Introduction
The symbiotic associations of termites with their gut microorganisms have been
studied for almost a century. While the earlier work had focused on the intestinal
protozoa of lower termites and their role in digestion, the more recent investigations
have mainly been directed at the bacterial symbionts, their metabolic activities, and
the structure and function of the prokaryotic populations. Moreover, the application
of microsensor techniques has revealed the unexpected dynamics of the
physiochemical gut conditions and given the first indications of the spatial
organization of the major microbial activities, which has led to the recognition that
the gut provides a variety of different microhabitats for its microbiota.
The most important habitats for the prokaryotes in the hindgut of lower termites
are provided by the intestinal protozoa. Although it is long known that the gut
flagellates are intimately associated with prokaryotes, the significance of this
phenomenon has not been fully appreciated. The difficulties surrounding cultivation
of the protozoa and the complete absence of pure cultures of the prokaryotic
symbionts so far allowed merely a morphological description of the different
associations. Their exact nature and the possible benefits for the partners are mostly in
the dark. However, with the advent of molecular biology tools and the resulting new
possibilities, the interest in the symbiotic associations between prokaryotes and termite
gut flagellates has been renewed.
A definitive classification of the associations into the different categories of symbiosis,
such as mutualism, parasitism, or commensalism, would require a level of
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understanding that remains to be reached. This chapter will therefore use the term
symbiosis in its broader definition, as it was originally coined by Anton de Bary (de
Bary, 1878).
The termite gut microecosystem
The symbiotic digestion of lignocellulose by termites is a complex series of events
involving both the host and its intestinal microbiota (Brune, 2003; 2004). While the
digestives activities in the foregut and midgut seem to be mainly caused by the host,
the processes in the hindgut are largely controlled by the symbionts. The recalcitrance
of the lignocellulosic diet and the dynamics of physicochemical gut conditions
contribute to the heterogeneity of ecological niches and are reflected in a diverse
community of prokaryotic and eukaryotic microorganisms.
Lignocellulose degradation
There is a large body of literature on the decomposition of wood and cellulose by
termite gut flagellates, which are essential for the digestion of lignocellulose in lower
termite (Radek, 1999). By contrast, the majority of prokaryotes in termite guts do not
seem to contribute to polymer degradation. They appear to be involved mainly in the
fermentation of soluble metabolites released into the gut, which are derived either
directly from the food by the digestive enzymes or from the fermentative activity of
the intestinal protozoa (Breznak, 2000; Ohkuma, 2003; Brune, 2004).
Lignocellulose is not only difficult to degrade, but is also an extremely nitrogenpoor substrate that lacks most of the essential nutrients required by the termite, such
as amino acids, vitamins, and sterols. The capacity of the intestinal prokaryotes to fix
dinitrogen, to assimilate nitrate and ammonia, and to synthesize those amino acids
and vitamins essential for the host makes them also an important source of nutrition
(Breznak, 2000; Machida et al., 2001). The microbial biomass produced in the hindgut
is accessed by proctodeal feeding, which serves both the transfer of symbionts among
individual termites and nitrogen cycling by subsequent digestion of microbial biomass
in the midgut (Fujita et al., 2001).
The gut microenvironment
Based on the oxygen sensitivity and the fermentative metabolism of the intestinal
protozoa, the high concentrations of microbial fermentation products, the presence of
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anaerobic or oxygen-sensitive activities such as methanogenesis and nitrogen fixation,
and the isolation of obligately anaerobic bacteria, it was initially assumed that the
termite hindgut is an anoxic habitat (for literature, see Breznak, 2000; Brune, 2004).
However, the maintenance of anoxia in an environment of such minute
dimensions is not a trivial issue (Brune, 1998). Oxygen microsensor measurements in
the gut of the termite Reticulitermes flavipes have demonstrated that the steep gradient
in oxygen partial pressure between the oxic gut epithelium and the anoxic gut
contents drives a continuous influx of oxygen into the hindgut (Brune et al., 1995;
Ebert and Brune, 1997). Also in all other termites investigated, oxygen penetrates 50–
200 µm into the periphery of the hindgut lumen, leaving only the central portion of
the dilated compartments anoxic (for literature, see Brune, 2004).
While the redox potential in the hindgut contents of Reticulitermes flavipes basically
mirrors the oxygen gradients, the massive hydrogen production by the intestinal
protozoa and its efficient consumption by hydrogenotrophic microorganisms gives
rise to steep radial counter gradients of hydrogen and enormous dynamics of
hydrogen partial pressure between the gut center and gut periphery (Ebert and Brune,
1997).
The hydrogen partial pressure in the different gut regions seems to be controlled by
the spatial organization of the hydrogen-producing and hydrogen-consuming
populations (Tholen and Brune, 2000). Radiotracer analysis of the in situ metabolism
in the hindgut of Reticulitermes flavipes demonstrated that also the high oxygen fluxes
significantly influence the fermentation processes in the hindgut (Tholen and Brune,
2000). The oxygen reduction potential found in obligately anaerobic bacteria isolated
from termite guts, such as lactic acid bacteria (Tholen et al., 1997; Bauer et al., 2000),
homoacetogenic bacteria (Boga and Brune, 2003), and sulfate-reducing bacteria
(Kuhnigk et al., 1996, Fröhlich et al., 1999), corroborate that the location of microbial
populations relative to the oxygen gradient will affect intestinal carbon fluxes.
Prokaryotic diversity
As in most other environments, phylogenetic analysis of the 16S rRNA genes of the
prokaryotes in the hindgut of several termites has revealed an enormous diversity of
the intestinal microbiota (see Brune, 2004 for a review). The majority of clones in
bacterial clone libraries of several species in the genus Reticulitermes bears less than 90%
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sequence similarity to those of known, cultivated microorganisms. Clones in the socalled Termite Group 1 (Ohkuma and Kudo 1996, Hongoh et al. 2003, Yang et al.
2004) even represent a new bacterial phylum, the 'Endomicrobia' (Stingl et al., 2004b),
which contains no cultivated representatives and apparently consists exclusively of
endosymbionts of termite gut protozoa (see (8).4.2.2.). The fact that most clones
recovered in these studies fall within lineages consisting exclusively of clones obtained
from the hindgut of termites, with the closest relatives of a given clone usually
stemming from the most-closely related termite (Yang et al., 2004), indicates that most
of the prokaryotes in termite guts are specific for and also restricted to this particular
habitat.
A number of prokaryotes from termite guts have been isolated in pure culture.
Many of the isolates are unique to the termite gut habitat and catalyze key activities in
hindgut metabolism, e.g., methanogenesis, reductive acetogenesis, nitrogen fixation, or
uric acid fermentation (e.g, Breznak, 1994; Leadbetter and Breznak, 1996; Leadbetter et
al., 1998; Leadbetter et al., 1999; Lilburn et al., 2001; Boga et al., 2003; Graber et al.,
2004). Also oxygen reduction by anaerobic bacteria emerges as a potentially important
activity (Kuhnigk et al., 1996; Fröhlich et al., 1999; Boga and Brune, 2003).
Although the characterization of the isolates has provided valuable information on
metabolic properties and other physiological features relevant for the colonization of
this particular habitat, there are still enormous discrepancies between the phylogenetic
groups dominating the clone libraries and the species recovered by cultivation,
indicating the presence of a strong cultivation bias (Breznak, 2000; Brune, 2004). To
date, there is not a single isolate representing the prokaryotes associated with the gut
flagellates. In general, the lack of knowledge on the individual components of the
prokaryotic microbiota and their metabolic capacities and activities in situ still make
it difficult to define the essential functions and understand the complex interactions.

Hindgut protozoa
Symbiotic flagellates are found exclusively in the phylogenetically lower termites and
the closely related cockroaches of the genus Cryptocercus; the higher termites harbor a
largely prokaryotic microbiota. The first studies that revealed the beneficial nature of
these peculiar symbionts − discovered in 1856 by Lespes (see Leidy, 1881) and initially
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considered as parasites − were reported by Cleveland (Cleveland, 1925; 1926), who
demonstrated that termites do not survive for long after elimination of their gut
flagellates. The importance of the symbionts for their termite host is impressively
documented by their enormous abundance in the enlarged hindgut paunch; it has
been estimated that the fresh weight of the protozoa may account for more than one
half of the fresh weight of the termite (Katzin and Kirby, 1939). Phylogenetically, the
gut flagellates are extremely diverse: almost 450 distinct species have been described to
occur within the approx. 200 termite species investigated (Yamin, 1979).
Phylogeny
Termite gut flagellates belong to three distinct taxa: trichomonads, hypermastigids,
and oxymonads (Yamin, 1979). Originally, all were considered primitive, primarily
amitochondriate eukaryotes, recent molecular data proved that they represent two
separate eukaryotic lineages.
Phylogenetic analyses of the termite gut flagellates by various groups (reviewed by
Ohkuma, 2003; Gerbod, 2004), mainly based on 18S rRNA gene sequence analysis,
confirmed the presence of two classes of the phylum Parabasalia, the Trichomonadea
and Hypermastigea (Cavalier-Smith, 2002), the latter representing the most basal
lineage.
The phylogeny of Oxymonadea was long in the dark. Comparative sequence
analysis revealed that they are a sister taxon to the excavate protists (Moriya et al.,
1998; Dacks et al., 2001; Moriya et al., 2001; Moriya et al., 2003; Stingl and Brune,
2003); they are now classified in the phylum Loukozoa (Cavalier-Smith, 2002).
While Hypermastigea consist exclusively of termite gut symbionts, the
Oxymonadea and the Trichomonadea comprise also species occurring in other
habitats, such as the intestinal tract or body cavities of other animals, including
humans.
Physiology and function
The first studies on the anaerobic nature and the fermentation of cellulose by termite
gut flagellates were performed by Hungate in the 1940s (reviewed by Hungate, 1955).
Hungate’s work with mixed protozoan suspensions and the few pure culture studies
of parabasalid flagellates obtained from the hindgut of Zootermopsis spp. (Trager, 1934;
Yamin and Trager, 1979; Yamin, 1980; Yamin, 1981; Odelson and Breznak, 1985a;
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Odelson and Breznak, 1985b) led to the current hypothesis that the glycosyl units of
cellulose and possibly other polysaccharides in the wood particles taken up by the
protozoa are fermented to acetate, CO2, and H2 according to the following equation:
–

+

<C6H12O6> + 2 H2O → 2 CH3COO + 2 H + 2 CO2 + 4 H2 (Eqn. 1).

The concept is supported by the high hydrogen partial pressure and the dominance
of acetate among the short-chain fatty acids in the hindgut of all lower termites
investigated (reviewed by Radek, 1999; Breznak, 2000; Brune, 2004).
The acetate produced in the hindgut is resorbed and serves as the main respiratory
substrate of the host; this is probably the most straightforward explanation why the
well-being and survival of lower termites on a normal, lignocellulosic diet depend on
their gut protozoa (Breznak, 2000; Brune, 2003; 2004). Despite the demonstration of
host cellulases in the secretions of midgut and salivary glands of lower termites (see
Watanabe and Tokuda, 2001 for a review), the cellulolytic activities in the hindgut
seem to be largely of protozoan origin (Ohtoko et al., 2000; Nakashima et al., 2002).
However, data on the physiology of gut flagellates are scarce, and the current
concept of cellulose metabolism by termite gut flagellates is largely based on
assumptions and inferences from other systems. It is assumed that the soluble sugars
resulting from polysaccharide degradation in the food vacuoles are oxidized to
pyruvate via glycolysis in the cytoplasm. Pyruvate is then imported into the
hydrogenosomes – special organelles that enable anaerobic protozoa and fungi to
produce molecular hydrogen, which were originally discovered by Lindmark and
Müller (1973) in the parabasalid flagellates Trichomonas vaginalis and Tritrichomonas
foetus, which are parasites of humans or bovines. The hydrogenosomes contain several
key enzymes: pyruvate-ferredoxin oxidoreductase and hydrogenase, which convert
pyruvate to acetate, CO2, and H2; and phosphotransacetylase and acetate kinase, which
allow the formation of ATP, which is subsequently exported from the
hydrogenosomes into the cytoplasm (Müller, 1993; Hackstein et al.; 2002). The
oxidation of glucose to acetate according to Eqn. 1 requries that also the reducing
equivalents produced during glycolysis are transported into the hydrogenosomes and
released as H2.
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It should be emphasized that this concept is mainly based on results obtained with
trichomonad flagellates that are parasites of mammals. There is no physiological data
on the hydrogenosomes of termite gut flagellates. The presence of hydrogenosomes in
hypermastigids is based only on microscopic evidence and the fermentation products
of a few axenic cultures (see above).
Virtually nothing is known about the physiology of oxymonads, and not a single
pure culture has been obtained so far. These protists do not seem to possess
hydrogenosomes (Bloodgood et al., 1974; Radek, 1994), which means that their
metabolism must be different from that of parabasalids. Assuming that oxymonads
cannot form hydrogen (which remains to be tested), other reduced fermentation
products have to be expected. In Reticulitermes flavipes, where oxymonads are the most
abundant flagellates (Cook and Gold, 1998), lactate has been identified as a key
intermediate in hindgut metabolism (Tholen and Brune, 2000). The human pathogen,
Trichomonas vaginalis switches to a lactic acid fermentation when pyruvate-ferredoxin
oxidoreductase is inhibited with metronidazol (Cerkasova et al., 1986).
The gut flagellate communities of each termite species are stable and host-specific,
but also quite diverse (Yamin, 1979), which implies also a high degree of functional
diversity. There is evidence for a resource partitioning among the different protozoan
species colonizing the same gut, which seem to be specialized on cellulose or wood
particles of different size classes (Yoshimura et al., 1993; Inoue et al., 2000). Also a
specialization on other wood components such as hemicellulose would create
additional niches (Inoue et al., 1997). Certain flagellates do not seem to ingest wood
particles (e.g., Yoshimura et al., 1996), and also pinocytosis of dissolved substrates
(Hollande and Valentin, 1969) or a bacteriovorous lifestyle (Huntenburg et al., 1986)
would be alternative strategies of survival.

Symbiotic associations with prokaryotes
It is long known that most of the gut flagellates are associated with prokaryotes
(Pierantoni, 1936; Kirby, 1941; Ball, 1969; Bloodgood and Fitzharris, 1976; Dolan,
2001). In view of the enormous biovolume of protozoa in the hindgut of lower
termites and the resulting cell surface area available for colonization, it is not
astonishing to find that the vast majority of the prokaryotes in the dilated part of the

82

Prokaryotic symbionts of termite gut flagellates

hindgut (approx. 90% in the case of Mastotermes darwiniensis) is associated with the
protozoan fraction (Berchtold et al., 1999).
The associations between prokaryotes and protozoa seem to be quite specific. For
Reticulitermes santonensis, it has been shown that the structure and composition of the
bacterial community associated with the protozoan fraction is clearly different from
that of the hindgut wall or that freely suspended in the hindgut fluid (Yang et al.,
2004). In situ hybridization of hindgut contents with phylogenetic probes specific for
the epibionts or endobionts of certain gut flagellates did not detect any unassociated
target cells (Stingl et al., 2004a; 2004b).

Figure
1:
‘Candidatus
Vestibaculum
illigatum’ colonizing Staurojoenina sp. from
Neotermes cubanus. (A) Scanning electron
micrograph illustrating the whole cell
covered with rod-shaped and spirochetal
epibionts (b bacteria, f flagella). (B)
Scanning electron micrograph of the
flagellate surface, showing the morphotype
and
the
dense
arrangement
of
‘Vestibaculum illigatum‘. Arrows point at
cells in division stages. (C) Transmission
electron micrograph of a thin section of the
flagellate cell, showing (1) the Gramnegative cell wall structure of ‘Vestibaculum
illigatum‘ (dl diffuse layer, om outer
membrane, im inner membrane) (2) the
presence of special attachment sites
(arrow), and (3) the presence of
‘Vestibaculum illigatum‘ in vacuoles within
the cytoplasm of the host cell. Figures
modified from Stingl and Brune (2004a).

Prokaryotic epibionts
Many of the termite gut flagellates are colonized by epibiotic bacteria. Some of the
associations are already evident by observation with a light microscope, but only the
electron microscope reveals the enormous variety and complexity of these associations
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(e.g., Cleveland and Grimstone, 1964; Leander and Keeling, 2004; Fig. 1; Fig. 2; Fig. 3).
The presence of special attachment sites on the cell envelope of the flagellates (e.g.,
Tamm, 1980; Radek et al., 1992; Dolan and Margulis, 1997; Stingl et al., 2004a)
indicates a tight association. In some cases, the epibionts seem to be responsible for
the locomotion of the host (Cleveland and Grimstone, 1964; Tamm, 1982; see also
Chapter by H. König). Advances in molecular ecology made it possible to elucidate
the identity of the microorganisms involved in these associations and the specificity of
these symbioses.

Figure 2: Symbiotic bacteria attached to the oxymonad flagellate Streblomastix strix from
Zootermopsis angusticollis. (A) Scanning electron micrograph showing a S. strix cell covered
with epibiotic bacteria. Bar, 5 µm. (B) Transmission electron micrograph of a thin section of a
S. strix cell. The host is organized as a central core (c) with seven thin vanes radiating outward
(arrows). Seven to ten epibiotic bacteria with distinctive morphotypes were clustered around
each vane (arrowheads). Bar, 1 µm. Figures from Leander and Keeling (2004).

Methanogens
Methanogenic archaea in termite guts are easily visualized by the characteristic
autofluorescence of their coenzyme F420. While the methanogens in the hindgut of
Reticulitermes flavipes are mostly attached to the gut wall or to the surface of other
prokaryotes (Leadbetter and Breznak, 1996), they are also associated with protozoa in
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other termites, either as epibionts (Fig. 4) or as endobionts (see below) of certain
smaller gut flagellates (Lee et al., 1987; Tokura et al., 2000). Most of the clones of
methanoarchaea

retrieved

from

lower

termites

cluster

among

the

family

Methanobacteriaceae (for references, see Ohkuma et al., 1999b; Tokura et al., 2000;
Shinzato et al., 2001), and are closely related to the three Methanobrevibacter species
that have been isolated from the gut of Reticulitermes flavipes (Leadbetter and Breznak,
1996; Leadbetter et al., 1998). They are assumed to participate in the consumption of
H2 formed by the flagellates (see Sect. (8.)5).

Figure 3: Transmission-electron micrographs of ultra-thin sections of Trichonympha agilis (A)
and Pyrsonympha vertens (B) showing the ultrastructure of Termite Group 1 (TG-1) bacteria,
which are very abundant in the cytoplasm of these flagellate species. They surrounded by
two membranes; the outermost membrane forms tube-like elongations at the tapered cell
poles (arrow in A). g glycogen. Bars, 0.2 µm. Figure from Stingl and Brune (2004b).

Spirochaetes
Although spirochetes are extremely abundant in the intestinal tract of most woodfeeding termites, only few species have been characterized in pure culture (Breznak and
Leadbetter, 2002; Graber et al., 2004). Termite gut spirochetes display an enormous
morphological diversity (Margulis and Hinkle, 1992; Breznak and Leadbetter, 2002),
but several cultivation-independent analyses have documented that they belong
exclusively to the Treponema branch of the Spirochaetes, forming two distinct clusters
(Lilburn et al., 1999; Ohkuma et al., 1999c).
In many instances, the spirochetal cells are attached to the surface of flagellates (for
review see Breznak and Leadbetter, 2002). Specific attachment structures have been
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identified (e.g., Bloodgood et al., 1974; Bloodgood and Fitzharris, 1976; Radek et al.,
1992; Radek et al., 1996), but only in a few cases have the symbionts been assigned to
particular genotypes (Iida et al., 2000; Noda et al., 2003; Wenzel et al., 2003). Attached
spirochetes belong to both Treponema clusters; interestingly, up to five different
genotypes can be attached to a single flagellate.
Bacteroidales
The surface of many of the larger gut flagellates is densely covered with
morphologically similar rod-shaped bacteria (Bloodgood and Fitzharris, 1976; Tamm,
1982; Dolan and Margulis, 1997; Stingl et al., 2004a; Fig. 1). The epibionts of a
Staurojoenina sp. from Neotermes cubanus were recently identified as members of a new,
termite-associated lineage of Bacteroidales (Stingl et al., 2004a) and have been assigned
to the candidate taxon 'Vestibaculum illigatum' (Fig. 5), and also the epibionts of
Barbulanympha and Caduceia seem to be members of the Bacteroidales (see Stingl et al.,
2004a).

Figure 4: F420-fluorescent epibiotic methanogens colonizing a small trichomonad from
Schedorhinotermes lamanianus. Phase-contrast (A) and epifluorescence (B) photomicrographs
of the same field of view. Taken from Brune (2004).

Also the rod-shaped epibionts of Mixotricha paradoxa (Wenzel et al., 2003; see
Chapter H. König) fall into this cluster, and it is likely that the other clones in the
cluster recovered from other termites (Ohkuma et al., 2002; Hongoh et al., 2003; Yang
et al., 2004) represent symbionts of gut flagellates. The rod-shaped epibionts of
Caduceia versatilis (d’Ambrosio et al., 1999), whose attachment structures differ
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considerably from that of the other rod-shaped epibionts of devescovinid flagellates
(Tamm, 1980), are involved in an unusual motility symbiosis (Tamm, 1982).
Prokaryotic endosymbionts
Far less is known about the bacterial endosymbionts of termite flagellates, and both
their phylogeny and their metabolic roles are often completely obscure (see Sect. (8.)5).
Methanogens
The flagellate Pentatrichomonoides scroa from the gut of the termite Mastotermes
darwiniensis (Fröhlich and König, 1999) and certain Dinenympha and Microjoenia
species in Reticulitermes speratus and Hodotermopsis sjoestedti (Tokura et al., 2000) are
associated with methanogens that seemingly exist within the cell. As in the case of the
epibiotic methanogens, the 16S rRNA gene sequences indicate that they belong to the
genus Methanobrevibacter. The guts of each termite species usually harbor more than
one genotype of methanogens, and there is evidence that the methanogens associated
with the flagellates are different from those attached to the gut wall (Tokura et al.,
2000). Although methanoarchaea are usually not encountered in the larger gut
flagellates (Lee et al., 1987), they probably participate in the consumption of H2
accumulating within the gut (see Sect. (8.)5).

Figure 5: Phylogenetic relationships between the 16S rRNA gene sequences of ‘Candidatus
Vestibaculum illigatum‘ colonizing Staurojoenina flagellates in Neotermes cubanus and the
rod-shaped epibiont of Mixotricha paradoxa in Mastotermes darwiniensis to clones obtained
from various other termites and the most-closely related isolates bacteria among the
Bacteroidales. Figure modified from Stingl et al. (2004a).
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The 'Endomicrobia'
For a long time, the nature and identity of the endosymbionts of the larger gut
flagellates was completely obscure. Recently, the cytoplasmic symbionts of the
hypermastigid Trichonympha agilis and the oxymonad Pyrsonympha vertens in the gut of
Reticulitermes santonensis were identified as members of the so-called 'Termite Group 1'
(TG-1) (Stingl et al. 2004b). Based on their 16S rRNA gene sequences, whose origin was
verified by fluorescence in situ hybridization with clone-specific probes, and their
peculiar ultrastructure (Fig. 3), the endosymbionts of the two protozoa were
provisionally classified as two species in the candidate genus 'Endomicrobium' (Stingl
et al. 2004b). The symbionts are specific for their respective flagellate host and do not
occur on the surface of the flagellates or freely suspended in the gut fluid.
Up to that point, 16S rRNA gene sequences of TG-1 bacteria had been retrieved
only from termites of the genus Reticulitermes (Ohkuma and Kudo 1996, Hongoh et al.
2003, Yang et al. 2004). A broad survey of termites from different families, using a
PCR assay with TG-1-specific primers, documented that TG-1 bacteria are present in
and also restricted to the guts of all lower termites and the wood-feeding cockroach
Cryptocercus punctulatus – insects that are in an exclusive, obligately mutualistic
association with parabasalid and oxymonad flagellates (Stingl et al. 2004b).
Based on the phylogenetic diversity of TG-1 bacteria and their isolated phylogenetic
position (Fig. 6), the candidate phylum 'Endomicrobia' has been proposed (Stingl et
al. 2004b). Although there are indications for a horizontal transfer of TG-1 bacteria
between hypermastigid and oxymonad flagellates, the bacterial symbionts seem to have
evolved together with their flagellate hosts, which would also explain the simultaneous
loss of 'Endomicrobia' and flagellates in the higher termites (Stingl et al. 2004b).
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Figure 6: Phylogenetic tree of the 'Endomicrobia', illustrating the relationship between the 16S
rRNA gene sequences of the cytoplasmic symbionts of Trichonympha agilis and Pyrsonympha
vertens to clones of 'Termite Group 1' (TG-1) bacteria obtained from various other termites and the
wood-feeding cockroach Cryptocercus punctulatus. The candidate phylum 'Endomicrobia' is
clearly separated from the most-closely related environmental clones and other bacterial phyla.
The TG-1 clones from different termite families do not form separate clusters. (K: Kalotermitidae,
H: Hodotermitidae, R: Rhinotermitidae, M: Mastotermitidae, T: Termopsidae, C: Blattodea:
Cryptocercidae). Bar represents 0.1 substitutions per site. (Tree modified after Stingl et al. 2004b).

A survey of other termite species, using a PCR assay with TG-1-specific primers,
documented that TG-1 bacteria are present in and also restricted to the guts of all
lower termites and the wood-feeding cockroach Cryptocercus punctulatus – insects that
are in an exclusive, obligately mutualistic association with parabasalid and oxymonad
flagellates (Stingl et al., 2004b). The TG-1 clones obtained in this study are
phylogenetically extremely diverse (Fig. 6). Although there are indications for a
horizontal transfer of TG-1 bacteria between hypermastigid and oxymonad flagellates,
the bacterial symbionts seem to have evolved together with their flagellate hosts, which
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would also explain the apparent loss of TG-1 bacteria upon the loss of flagellates in
the higher termites (Stingl et al., 2004b).
Endonuclear bacteria
Endonuclear bacteria are found in many termite gut flagellates, but only
ultrastructural investigations have been carried out (for review, see Ball, 1969).
Nothing is known about their identity and the nature of the symbiosis. There are
certain analogies to the endonuclear bacteria of ciliates (Görtz, 2002).

Functional and metabolic implications
The most intriguing question concerns the physiology and metabolic function of the
symbiotic bacteria of the termite gut flagellates. Assuming that the growth rate of gut
bacteria is not necessarily sufficient to compensate for the high dilution rates of the
hindgut contents, it would be advantageous for prokaryotes to associate with the
protozoa to prevent wash-out from this substrate-rich and favorable environment. The
intimacy of many associations, especially the elaborate attachment structures, however,
indicate that there is a mutual advantage.
Hydrogen metabolism
The symbiosis with methanogens is likely based on the interspecies transfer of
molecular hydrogen. Little is known about the physiology of the protozoa, but from
thermodynamic considerations, any fermentative metabolism releasing part of the
reducing equivalents as H2 will become more exergonic if this product is not allowed
to accumulate (Schink, 1997). Virtually all 16S rRNA gene clones of methanogens
obtained from lower termites fall into the phylogenetic radiation of the genus
Methanobrevibacter. Since all members of this genus, including the three species isolated
from the gut of Reticulitermes flavipes, perform methanogenesis from H2 and CO2, but
use other substrates less efficiently, it is reasonable to assume that also the hitherto
uncultivated Methanobrevibacter strains associated with the protozoa are potential
hydrogen consumers (Lee et al., 1987; Tokura et al., 2000).
Based on the results of various treatments that selectively eliminate or affect certain
members of the gut microbiota of Zootermopsis angusticollis, Messer and Lee (1989)
concluded that the large protozoa of the genus Trichonympha are the most important
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hydrogen source in the hindgut, whereas the methanogenic symbionts of Trichomitopsis
termopsidis produce most of the methane.
It is therefore possible that also the bacterial symbionts of the larger protozoa are
involved in hydrogen metabolism. Reductive acetogenesis plays a major role as
hydrogen sink in the guts of virtually all lower termites (Brauman et al., 1992;
Breznak, 1994). So far, only a few homoacetogens have been isolated from termite guts
(Breznak, 1994; Boga et al., 2003; Boga and Brune, 2003). However, the recent
demonstration of reductive acetogenesis in Treponema primitia and other termite gut
isolates (Leadbetter et al., 1999) makes them likely candidates for this function,
especially since spirochetes are often associated with certain gut flagellates (see Sect.
(8.)4.1.2).
However, in view of the high H2 partial pressures in the hindgut lumen of
Reticulitermes flavipes (Ebert and Brune, 1997), it is unlikely that – at least in this
termite – an improved hydrogen transfer is the basis for the close association. The fact
that spirochetes and methanogens are also attached to oxymonad flagellates, which do
not possess hydrogenosomes (Bloodgood et al., 1974, Radek, 1994), indicates that there
may be other reasons for this associations.
Other possible functions
The fermentative metabolism of termite gut flagellates is poorly studied, and especially
in the case of oxymonads, where hydrogenosomes are lacking, further work is sorely
needed (see above). Reduced fermentation products other than hydrogen would also
open the possibility of different metabolic links between the protozoa and their
prokaryotic symbionts. Microinjection of radiolabeled metabolites into the hindgut of
Reticulitermes flavipes has revealed that lactate is an important intermediate in the
carbon flux from polysaccharides to acetate, but the microorganisms responsible for
the production and consumption of lactate remain to be identified (Tholen and
Brune, 2000).
There are also other hypotheses concerning possible roles of the prokaryotic
symbionts of gut flagellates. One of them would be the production of cellulases, as
suggested for the endosymbionts of the larger flagellates by Bloodgood and Fitzharris
(1976). However, after elimination of the endosymbionts by antibiotics, the
hypermastigote Trichonympha agilis is still capable of degrading cellulose (Yamin, 1981),
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and the hindgut protozoa seem to posses their own cellulase genes (Ohtoko et al.,
2001).
Another possible function would be in the fixation of atmospheric nitrogen.
Nitrogen fixation is an important process in wood-feeding termites (reviewed by
Breznak, 2000). It has been estimated that 30–60% of the total nitrogen in Neotermes
koshunensis is derived from dinitrogen (Tayasu et al., 1994), and a few diazotrophs
have been isolated from termite guts (for references, see Breznak, 2000). Recently, also
spirochetes – including the termite gut isolate Treponema azonutricum – have been
shown to fix atmospheric nitrogen (Lilburn et al., 2001; Graber et al., 2004).
There is an enormous diversity in the nifH genes present in the guts of each termite
species, and most of them cannot be assigned to described species of prokaryotes
(Ohkuma et al., 1996; Ohkuma et al., 1999; Lilburn et al., 2001). In addition, the
analysis of nifH gene expression in the gut of Neotermes koshunensis has shown the
preferential expression of nifH from an alternative nitrogenase (anf), which could not
be assigned to a known microorganism (Noda et al., 1999) and may belong to one of
the epibiotic or endobiotic prokaryotes.
It has been postulated that the epibiotic bacteria of Streblomastix strix are
chemotactic sensors for acetate (Dexter and Khalsa, 1993), but in view of the the high
acetate concentrations in termite hindguts (see Breznak, 2000 for review), it is not
convincing that a chemotaxis towards acetate should be of any advantage for the
flagellate. Leander and Keeling (2004), who investigated the ultrastructure of these
fascinating associations (Fig. 4), could determine at least three different morphotypes
among the epibionts that differed mainly in size. Elimination of epibionts by
antibiotic treatment resulted in a modified morphology of the flagellate, which
suggests an influence of the symbionts on the shape of the host.

Conclusions
The large number of symbioses among termite gut flagellates and prokaryotes, the
high level of integration evidenced by the elaborate attachment structures or the
intracellular location, and the large proportion of the prokaryotic gut microbiota that
is associated with the protozoa suggest a major importance of such symbioses for the
hindgut metabolism of lower termites.
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Molecular tools allow the identification of the phylogeny of the partners involved
in the symbioses, and although these investigations are still far from complete, it is
apparent that the symbionts represent unusual and mostly unstudied phylogenetic
groups. As a consequence of the unusual phylogenetic position and the complete lack
of isolates, the metabolic capacities of the symbionts and their role in the symbiosis
are still largely obscure.
In order to understand the hindgut metabolisms of lower termites, it will be
essential to elucidate the metabolic relationship between the flagellates and their
symbionts. It is reasonable to assume that the functional roles of the partners are less
diverse than their phylogenetic diversity, and in view of the possible co-evolution of
the partners, the symbioses between prokaryotes and gut flagellates are also excellent
case studies in the microbial ecology and evolution.

7

General discussion
Specific results of the individual aspects of the study have been discussed in detail in
the respective chapters. Here, general aspects on the physiology of termite gut
flagellates and their associated bacteria are discussed.

The astonishing diversity of termite gut flagellates
Wood-feeding lower termites are dependant on a unique symbiosis with single-celled
eukaryotes for the digestion of lignocellulose (Cleveland, 1926; for review, see Breznak,
2000). Interestingly, not a single flagellate species dominates these gut systems, but
there can be up to 14 different flagellate species present within a single gut (Yamin,
1979), and neither the reasons for this diversity or its implications are fully
understood.
Three orders of termite gut flagellates - birds of a feather?
Termite gut flagellates do not form a monophyletic group, but consist of three
different orders belonging to two separate phylogenetic lineages, i.e., the Parabasalia
(comprising trichomonads and hypermastigids) and the Oxymonadida. Most authors
describing physiological aspects of termite gut flagellates treat them as a homogenous
group, and differences between the flagellates are often seen only from a
morphological or cytological perspective. The present study (Chapter 2) corroborated
that oxymonads are not-early branching eukaryotes phylogenetically closely related to
the parabasalids, but evolved much later than the other termite gut flagellates.
However, it is not clear whether the morphological and phylogenetical differences
between oxymonads and parabasalids are also accompanied by physiological
differences. Parabasalids have been shown to ferment cellulose to acetate, carbon
dioxid and hydrogen (Odelson and Breznak, 1985a; Odelson and Breznak, 1985b); a
metabolism that is strictly dependent on the presence of hydrogenases located in
special subcellular organelles, the hydrogenosomes (Müller, 1993). In contrast to
parabasalids, oxymonads do not possess hydrogenosomes (Bloodgood et al., 1974;
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Radek, 1994). Furthermore, hydrogenases are very oxygen-sensitive, and the presence of
certain oxymonads attached to the gut wall (Porter, 1897, Breznak, 1975), where
oxygen is present (Brune et al., 1995), questions the presence of functional
hydrogenases in these organisms.

Accumulation of H 2
above background (µM)

0.40

Trichonympha agilis
Pyrsonympha vertens

0.20

0.00

-0.20
-20

80

180

Distance from surface (µm)

Figure 1: Hydrogen gradients around individual cells of the hypermastigid Trichonympha agilis
and the oxymonad Pyrsonympha vertens, measured by means of highly sensitive
microelectrodes. Averages ± SE of six individual protozoa is given.

By analysing the slopes of the hydrogen gradients around individual agaroseembedded flagellates measured with extremely high sensitive microelectrodes, it could
be shown that the hypermastigid Trichonympha agils is a source of hydrogen whether
the oxymonad Pyrsonympha vertens is not (Stingl and Brune, unpublished results; Fig.
1).
Extrapolating the hydrogen gradients of a single spot over the total surface area of
the flagellate allows for a rough estimation of the total hydrogen production by the
flagellate. The hydrogen production production rate by Trichonympha agilis was
estimated to be 26 ± 7 fmol/h. Mutiplying this production rate of a single individuum
with the total number of hypermastigid flagellates per gut (approx. 3000; Cook and
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Gold, 1998) yields a putative hydrogen production of the flagellate community of one
gut in the range of. 0.1 nmol/h. This value is much lower than the hydrogen
consumption rates of the two mayor hydrogenotrophic processes methanogenesis and
homoacetogenesis, which together consume approx. 15 nmol H2/h*gut (Tholen and
Brune, 2000). This discrepancy could be explained by problems in the experimental
setup, but could also indicate a direct consumption of hydrogen by flagellateassociated bacteria, and could therefore camouflage a possible hydrogen production by
the oxymonad Pyrsonympha vertens.
Such considerations underline that the physiology of the flagellates cannot be
understood without taking into account the impact of the symbiotic bacteria.

Epibionts and endobionts: The uncultivated majority
All termite gut flagellates investigated so far are associated with prokaryotes, and in
the case of Zootermopsis angusticollis, it has been estimated that the flagellate-associated
bacteria account for more than 85% of the total prokaryotes in the hindgut (Berchtold
et al., 1999).
In this study, it has been shown that the composition of the protozoa-associated
bacterial community in Reticulitermes santonensis differs considerably from those
existing freely suspended in the gut fluid or being attached to the gut wall, indicating
a specific community of bacteria colonizing the termite gut flagellates (Chapter 3).
However, among the numerous bacteria isolated from termite guts (for review, see
Brune, 2004), there is not a single species that seems to be associated with the
flagellates.
Possible reasons for the existing cultivation problems are obvious: The phylogenetic
analysis of the symbiotic bacteria of termite gut flagellates revealed that they form
separate, termite-specific lineages (Chapters 4 and 5), indicating that the symbioses are
rather stable and the bacteria might therefore be highly adepted to the special
environment. This is definitely the case for the cytoplasmic symbionts in the
candidate phylum “Endomicrobia” (Chapter 4), which are only distantly related to
other bacteria. The absense of “Endomicrobia”-related 16S rRNA gene sequences in
the general databases, where currently more than 100,000 rRNA gene sequences from
all environments are collected, as well as their absence in the higher termites (Chapter
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4), which also do not contain symbiotic flagellates, are clear indications for the
specificy of their symbiosis with the flagellate hosts.
Function and physiology of the symbiotic bacteria
In general, the phylogeny of the symbionts does not allow inferences concerning their
metabolic activities. It seems to be reasonable to assume that many symbionts thrive
on hydrogen provided by the flagellate host, which also would render the release of
hydrogen in the protozoan fermentation more exergonic (Schink, 1997).
However, in view of the high H2 partial pressures in the hindgut lumen of
Reticulitermes flavipes (Ebert and Brune, 1997), it is unlikely that – at least in this
termite – an improved hydrogen transfer is the basis for the close association. The fact
that spirochetes and methanogens are also attached to oxymonad flagellates, which do
not possess hydrogenosomes (Bloodgood et al., 1974, Radek, 1994; see above), indicates
that there may be other reasons for these associations, or, assuming a hydrogen
consumption by the bacteria, that there is no benefit for the oxymonad host.
There are also other hypotheses concerning possible roles of the prokaryotic
symbionts of gut flagellates. One of them would be the production of cellulases, as
suggested for the endosymbionts of the larger flagellates by Bloodgood and Fitzharris
(1976). However, after elimination of the endosymbionts by antibiotics, the
hypermastigote Trichonympha agilis is still capable of degrading cellulose (Yamin, 1981),
and the hindgut protozoa seem to possess their own cellulase genes (Ohtoko et al.,
2000).
Another possible function would be in the fixation of atmospheric nitrogen.
Nitrogen fixation is an important process in wood-feeding termites (for review, see
Breznak, 2000). It has been estimated that 30–60% of the total nitrogen in Neotermes
koshunensis is derived from dinitrogen (Tayasu et al., 1994), and only few diazotrophs
have been isolated from termite guts (for references, see Brune, 2004). Recently, also
spirochetes – including the termite gut isolate Treponema azonutricum – have been
shown to fix atmospheric nitrogen (Lilburn et al., 2001; Graber et al., 2004), but
whether this is also true for the numerous spirochetes attached to certain flagellates
(e.g., Iida et al., 2000; Noda et al., 2003) is not proven yet.
There is an enormous diversity in the nifH genes present in the guts of each termite
species, and most of them cannot be assigned to described species of prokaryotes
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(Ohkuma et al., 1996; Ohkuma et al., 1999; Lilburn et al., 2001). In addition, the
analysis of nifH gene expression in the gut of Neotermes koshunensis has shown the
preferential expression of nifH from an alternative nitrogenase (anf), which could not
be assigned to a known microorganism (Noda et al., 1999) and may belong to one of
the epibiotic or endobiotic prokaryotes.
It has also been postulated that the epibiotic bacteria of Streblomastix strix are
chemotactic sensors for acetate (Dexter and Khalsa, 1993), but in view of the high
acetate concentrations in termite hindguts (for review, see Breznak, 2000), it is not
convincing that a chemotaxis towards acetate should be of any advantage for the
flagellate.
Methods to overcome cultivation problems and to investigate the molecular basis
of the symbioses in more detail are available. With the knowledge obtained in this
study on the localisation and distribution of the symbionts and the methods
established for separating single flagellate species with their bacterial symbionts, both,
the bacterial symbionts and the flagellate host can be investigated in parallel. The
analysis of gene expression of functional genes on the mRNA-level, as well as the
construction of cDNA libraries analysis from total mRNA preparations by using
reverse transcriptase PCR with random oligonucleotide primers or a direct cloning
and sequencing of the genomic DNA would yield important information on the
specific symbioses. In particular, investigations on the “Endomicrobia”, a whole new
bacterial phylum of symbionts, would be a challenging task for future investigations
and, considering their abundance within the gut, will clarify important aspects on the
tripartite symbioses of bacteria and flagellates in wood-feeding lower termites.

8

Summary
This thesis summarizes a series of studies concerning the tripartite symbioses of
bacteria with protozoa in the gut of wood-feeding lower termites. These associations
presumably play a key role for the digestion of lignocellulose and the function of the
termite gut.
A prerequisite for the understanding of the specificity of these symbioses is the
identification of the respective protozoan species. Whereas the parabasalid flagellates
in Reticulitermes flavipes are well characterized and clearly defined, the case for the
morphological variable oxymonad protists in this termite was controversially discussed
in the literature. By using molecular tools, it was shown that the morphological variety
of these flagellates in Reticulitermes flavipes also reflects a genetical variety, and is not
due to different developmental stages of the same organism.
Protozoan cells represent the most important habitat for bacteria in the highly
structured termite gut. By using T-RFLP analysis and a comparison of 16S rRNA gene
libraries from different microniches within the gut of Reticulitermes santonensis, it was
shown that the bacterial community associated with the flagellates differs considerably
from those in the surrounding gut fluid or located at the gut wall. The most abundant
sequences in the flagellate fraction stemmed from the so-called “Termite group 1
bacteria” (TG-1). These results demonstrate the presence of a specific microbiota
colonizing the flagellates.
For the exact identification of the bacteria associated with specific flagellates, a
technique for isolation of single protozoan species and the subsequent phylogenetic
analysis of the bacterial DNA of these fractions was established and used for
investigating the symbioses of the two largest flagellates in Reticulitermes santonensis
(Trichonympha agilis, Hypermastigida; Pyrsonympha vertens, Oxymonadida) with
endosymbiotic bacteria. These two flagellates, while being only distantly related,
harbor numerous morphologically similar bacteria in the cytoplasm. It was shown that
these endosymbionts are also phylogenetically closely related and represent two
distinct groups of TG-1, thus corroborating the results obtained with flagellate
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suspensions. Now, for the first time, the exact location and the morphotype of the
bacteria in this new bacterial phylum is clarified. By designing a specific PCR-assay for
TG-1, the distribution of these bacteria in termite species from nearly all famillies and
in the flagellates-harboring cockroach Cyptocercus punctulatus was determined.
Interestingly, TG-1 were not present in the evolutionary higher termites, which also
have lost their flagellates, but were present in all lower termites and the flagellates-harboring cockroach Cyptocercus punctulatus, indicating a co-evolution of symbiotic
bacterium and protozoan host. Based on these results, the classification of the
“Termite Group 1” as new candidate phylum “Endomicrobia” containing two candidate
species “Candidatus Endomicrobium pyrsonymphae” and “Candidatus Endomicrobium
trichonymphae” was proposed.
Except for attached spirochetes on oxymonad protists, surface-associated bacteria
are not reported for the flagellates in Reticulitermes spp. Therefore, the symbiosis of
bacteria attached to the hypermastigid flagellate Staurojoenina sp. from the dry-wood
termite Neotermes cubanus was investigated. Interestingly, the 16S rRNA gene sequence
of this symbiont forms together with other termite-derived sequences a termite-specific
cluster among the Bacteroidales, which is hypothesized to consist of sequences of
epibiotic bacteria of other gut flagellates.
The results obtained in these studies together with a critical literature survey on the
topic and the current standing are summarized in a review. The established methods
were also used in other projects to investigate symbiotic bacteria and microbial
activities in intestinal tracts of beetle larvae and isopods. The results of these studies
can be found in the appendix of the thesis.

9

Zusammenfassung
Die vorliegende Arbeit umfasst eine Reihe unterschiedlicher Studien über die
Symbiose von Bakterien mit Protozoen im Darm niederer Termiten. Diese Symbiosen
spielen vermutlich eine Schlüsselrole für den Verdau von Lignozellulose im
Termitendarm.
Eine Vorraussetzung, um die Spezifität der einzelnen Symbiosen zu untersuchen, ist
die

eindeutige

Identifikation

der

jeweiligen

Protozoenarten.

Während

die

Flagellatenarten der Klasse Parabasalia aus Reticulitermes flavipes gut charakterisiert und
klar definiert sind, wurde die Anzahl der morphologisch sehr variablen
Oxymonadenarten in dieser Termite in der Literatur bisher kontrovers diskutiert.
Durch den Einsatz molekularbiologischer Methoden konnte gezeigt werden, dass die
morphologische Vielfalt dieser Flagellaten in Reticulitermes flavipes auch einer
genetischen Vielfalt entspricht. Damit konnte widerlegt werden, dass die verschiedenen
Morphotypen verschiedenen Entwicklungsstadien desselben Organismus entsprechen.
Protozoen stellen das wichtigste Habitat für Bakterien im hoch strukturierten
Termitendarm dar. Ein Vergleich der mikrobiellen Lebensgemeinschaften in
verschiedenen Mikronischen innerhalb des Darmes von Reticulitermes santonensis
mittels T-RFLP und einem Vergleich von 16S rDNA Klonbibliotheken, zeigte, dass
sich die Zusammensetzung der bakteriellen Gemeinschaften welche mit den
Flagellaten assoziiert ist, deutlich von denen in der Darmflüssigkeit und dem Biofilm
an der Darmwand unterscheidet. Die Bakterien der „Termite Group 1“ (TG-1)
konnten bei diesen Studien als zahlenmässig wichtigste Flagellaten-assoziierte
Bakterien identifiziert werden. Diese Ergebnisse zeigten, dass eine spezifische,
Flagellaten-assozierte bakterielle Lebensgemeinschaft existiert.
Um die genaue Identifizierung der Bakterien, die mit bestimmten Flagellaten
assoziiert sind, zu ermöglichen, wurde eine Methode zur Vereinzelung einzelner
Protozoenarten und der darauffolgenden phylogenetischen Analyse der bakteriellen
DNA etabliert. Diese Methode wurde eingesetzt, um die symbiontischen Bakterien der
zwei größten Flagellatenarten in Reticulitermes santonensis (Trichonympha agilis,
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Hypermastigida; Pyrsonympha vertens, Oxymonadida) zu untersuchen. Obwohl diese
zwei Flagellaten nur sehr entfernt miteinander verwandt sind, beherbergen sie zahllose
morphologisch ähnliche Bakterien im Zytoplasma. Die phylogenetische Analyse dieser
Bakterien ergab, dass sie sehr eng miteinander verwandt sind und zwei
unterschiedliche Gruppen der TG-1 repräsentieren, womit die Ergebnisse der T-RFLPAnalysen der verschiedenen Mikronischen des Darmes bestätigt wurden. Damit
konnten zum ersten Mal die genaue Lokalisierung und die Morphologie der TG-1
Bakterien geklärt werden. Die Verteilung der TG-1 Bakterien in verschiedenen
Termitenarten fast aller Termitenfamilien und der Flagellaten-beherbergenden Schabe
Cryptocercus punctulatus wurde mithilfe eines spezifische, neu-entwickelten PCRbasierten Ansatzes untersucht. Interessanterweise konnten TG-1 Bakterien in höheren
Termiten, die auch keine symbiontischen Flagellaten besitzen, nicht nachgewiesen
werden, während sie in allen niederen Termiten sowie in der untersuchten Schabe,
vorhanden waren. Diese Ergebnisse deuten auf eine Ko-Evolution zwischen
symbiontischem Bakterium und Protozoenwirt hin. Basierend auf diesen Ergebnissen
wurde die Klassifizierung der „Termite Group 1“ als neues „candidate phylum“ mit
dem Namen „Endomicrobia“ vorgeschlagen. Dieses neue Phylum beinhaltet die zwei
oben

erwähnten

Endosymbionten

als

„candidate

species“,

“Candidatus

Endomicrobium pyrsonymphae” und “Candidatus Endomicrobium trichonymphae”.
Die Flagellaten aus Reticulitermes spp. besitzen, außer an Oxymonaden angeheftete
Spirocheten, keine Ektosymbionten. Um trotzdem die Phylogenie Oberflächenassoziierter Bakterien auf Termitendarmflagellaten untersuchen zu können, wurden
die Ektosymbionten der hypermastigiden Flagellatenart Staurojoenina sp. aus der
Trockenholz-Termite Neotermes cubanus als Modellobjekt gewählt. Diese 16S rRNA
Gensequenzen dieser Symbionten bilden interessanterweise zusammen mit anderen
Sequenzen aus verschiedenen Termiten einen Termiten-spezifischen Cluster innerhalb
der Bacteroidales, der vermutlich nur aus Sequenzen ektosymbiontischer Bakterien
verschiedener Flagellaten besteht.
Die Ergebnisse dieser Studien wurden zusammen mit einem kritischen
Literaturüberblick über das Thema in einem Review-Artikel zusammengefasst. Die im
Rahmen der Arbeit etablierten Methoden wurden auch in anderen Projekten
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angewendet. Die Ergebnisse dieser Arbeiten befinden sich im Anhang dieser
Dissertation.
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Appendix
The appendix contains four publications that document the results of two cooperation
projects in which I was involved in during my thesis. Appendix A and B are results on
microbial ecology of the intestinal tract of soil-feeding beetle larvae. My contribution
to this work comprised most of the microelectrode measurements in both
publications, the fatty acid and sulphate measurements by HPLC and IC, respectively,
presented in Appendix B, and the DAPI counts of Appendix B.
Apendix C and D document results on the phylogeny and in situ identification of
bacterial symbionts in the hepatopancreas of different isopod species. My
contribution to this work was the phylogenetic analysis of the symbionts and the
design of the specific probes.

Appendix A: Physicochemical conditions and microbial
activities in the highly alkaline gut of the humus-feeding
larva of Pachnoda ephippiata (Coleoptera: Scarabaeidae)
Thorsten Lemke, Ulrich Stingl, Markus Egert,
Michael W. Friedrich, and Andreas Brune
Published in Applied and Environmental Microbiology 69: 6650–6658 (2003).

Abstract
The soil macrofauna plays an important role in the carbon and nitrogen cycle of
terrestrial ecosystems. In order to gain more insight into the role of the intestinal
microbiota in transformation and mineralization of organic matter during gut
passage, we characterized the physico-chemical conditions, microbial activities, and
community structure in the gut of our model organisms, the humus-feeding larva of
the cetoniid beetle Pachnoda ephippiata. Microsensor measurements revealed an extreme
alkalinity in the midgut, with highest values (pH > 10) between the second and third
crown of midgut ceca. Both midgut and hindgut were largely anoxic, but despite the
high pH, the redox potential of the midgut content was surprisingly high even in the
largest instar. However, reducing conditions prevailed in the hindgut paunch of all
instars (Eh ~ –100 mV). Both gut compartments possessed a pronounced gut
microbiota, with highest numbers in the hindgut, and microbial fermentation
products were present in high concentrations. The stimulation of hindgut
methanogenesis by exogenous electron donors, such as H2, formate, and methanol,
together with considerable concentrations of formate in midgut and hemolymph,
suggests that midgut fermentations are coupled to methanogenesis in the hindgut by
an intercompartmental transfer of reducing equivalents via the hemolymph. The
results of a cultivation-based enumeration of the major metabolic groups in midgut
and hindgut, which yielded high titers of lactogenic, propionigenic, and acetogenic
bacteria, are not only in good agreement with the accumulation of microbial
fermentation products in the respective compartments, but also with the results of a
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cultivation-independent characterization of the bacterial communities reported in the
companion paper (M. Egert, B. Wagner, T. Lemke, A. Brune, and M. W. Friedrich,
Appl Envir Microbiol 69: 6659-6668, 2003).

Introduction
The soil macrofauna plays an important role in the carbon and nitrogen cycle of
terrestrial ecosystems (Brussard and Juma, 1996; Lavelle, 2000; Wolters, 2000). The
intestinal tracts of litter-feeding and humivorous soil macroinvertebrates are favorable
habitats for microorganisms and typically harbor a dense and active gut microbiota.
The major function commonly attributed to the microorganisms in the guts of such
animals is the depolymerization and fermentative breakdown of the cellulosic and
lignocellulosic component of their diet, which leads to degradation products that can
be resorbed by the host. This is supported by the high concentrations of microbial
fermentation products and by the presence of fermentative bacteria and protozoa,
accompanied

by

obligately

anaerobic

homoacetogenic

and

methanogenic

microorganisms, in the guts of such animals. However, the extent and importance of
such processes and their specific function in the nutrition of the host is scarcely
understood (for reviews, see Brauman et al., 2000; Breznak, 2000; Brune, 1998; Brune,
2003; Brune and Friedrich, 2000; Kane, 1997; Ohkuma, 2003).
In the case of soil-feeding termites, host factors such as the extreme alkalinity of the
anterior hindgut and the influx of oxygen seem to play a key role in sequestering
organic matter from the inorganic soil matrix (Kappler and Brune, 1999). The decrease
of the molecular weight and increase in solubility resulting from alkaline extraction
and chemical oxidation render the organic matter accessible for digestion in
subsequent, less-alkaline compartments (Ji et al., 2000; Ji and Brune, 2001). Alkaline
gut regions are encountered also in many representatives of other insect orders and
seem to be connected with the dietary preferences of the respective taxa (Coleoptera,
Diptera, Lepidoptera; see (Brune and Kühl, 1996; Harrison, 2001). Comparing several
beetle larvae feeding on a lignocellulosic diet, Grayson (1958) already had pointed out
an apparent correlation between the degree of humification of the diet and the
alkalinity of the intestinal tract. The highest pH values among beetle larvae were
encountered among the Scarabaeidae (Rössler, 1961; Schlottke, 1945; Werner, 1926;
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Wiedemann, 1930), which comprise species from humivorous, detritivorous, and
coprophagous feeding guilds. Although scarab beetle larvae are among those few
arthropods that have received at least a minimum of attention from a microbiological
perspective (Bayon, 1980; Bayon and Mathelin, 1980; Cazemier et al., 1997; 2003) and
although their importance for the transformation of soil organic matter is undisputed,
only little is known about the composition of the gut microbial community and its
role in the digestive process.
Using the humivorous larva of the cetoniid beetle Pachnoda ephippiata (Coleoptera:
Scarabaeidae) as a model organism, we investigated the physico-chemical conditions
and microbial activities in the gut in order to gain more insight in the role of the
intestinal microbiota in transformation and mineralization of organic matter during
gut passage. Since a representative analysis of the microbial community structure
requires covering also those populations that resist cultivation (Brune and Friedrich,
2000), the project also included a cultivation-independent approach, involving
molecular cloning and fingerprinting techniques. These results are reported and
discussed in the companion paper (Egert et al., 2003).

Materials and Methods
Insects
Pachnoda ephippiata Gerstaecker 1867 was bred in a 100-l terrarium filled 20-cm deep
with soil and illuminated with a 120-W light bulb at a 12-h day–night cycle; the
average temperature was around 27 (22–30) °C. To ensure a constant high humidity,
the walls and the soil surface was sprayed with soft tap water on a daily basis using a
hand vaporizer. The terrarium contained freshly cut twigs of Lonicera nitida to provide
resting places for the beetles. Imagines were fed with fresh fruit (apples, bananas,
peaches) and Chinese lettuce provided in a high-rimmed bowl, so that it was not
accessible to the larvae. The larvae therefore thrived almost exclusively on the
substratum, consisting of commercial preparations of formulated organic potting soil,
composed of moderate-to-highly decomposed sphagnum peat, grass compost, and a
clay substrate with a high proportion of montmorillonite. Instars were easily
differentiated by the diameter of their head capsules. The average fresh weights (min.–
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max. range) of the three larval instars were 71 (26–140) mg (n = 24), 374 (152–780) mg
(n = 18), and 2541 (516–4091) mg (n = 48), respectively.
Gut preparation
For dissection, larvae were anaesthetized by exposure to a N2/CO2 (80/20, v/v) gas
atmosphere for about 15 min, decapitated with scissors, and fixed with steel pins
(ventral side up) in a preparation dish filled with insect Ringer's solution (Brune et al.,
1995). The cuticle was cut along the sidelines and the ventral integument removed,
carefully severing the circular muscles and trachea from the skin. After a circular
incision around the anus, the intestinal tract was carefully removed from the body;
residual fat body tissue and trachea were removed with a blunt instrument. First and
second instar larvae were prepared using a dissecting microscope.
For the separate incubation of midgut and hindgut, and for the preparation of gut
homogenates, isolated guts were separated at the muscular midgut–hindgut junction
into a midgut section, including the short foregut, and a hindgut section, including
paunch, colon and rectum (Fig. 1A–C); no ligation was necessary to prevent leaking of
the gut contents. Unless mentioned otherwise, all data reported in this paper are based
on fresh weight of the animal or the respective gut section; dry weight determinations
indicated an average water content of approximately 87% for both midgut and
hindgut of all instars. Gut volumes were estimated by measuring the outer diameter of
the respective gut sections at different points along the axis, using a dissecting scope
equipped with an ocular grid, and approximating the shapes to various geometric
figures (a combination of truncated cones and cylinders).
The fecal pellets produced by the third instar (when freshly voided) had an average
weight of 12 mg and a water content of 50% (calculated from fresh weight and dry
weight of 100 fecal pellets). They were produced at a rate of approximately 1.5 pellets
h–1. Using the average dry weight of the gut of the third instar (109 mg), it was
estimated that a larva produces almost two gut equivalents of feces per day.
CH4 production rates
Larvae were placed into 10-ml (first and second instar) and 120-ml (third instar) glass
vials, which were sealed (under air) with rubber stoppers, and were incubated for
several hours at room temperature in the dark. If individual gut compartments were
tested, the vials received a small volume of insect Ringer's solution (0.2 ml or 1 ml; 16)
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to avoid desiccation of the samples; care was taken not to cover the segments with
liquid in order to facilitate gas exchange with the headspace. At regular intervals, gas
samples were taken and analyzed for methane by gas chromatography, following the
procedure described elsewhere in more detail (Schmitt-Wagner and Brune, 1999).
Stimulation of methane emission was tested by supplementing the headspace with H2
(20 kPa) or by adding methanol (5 mM) or Na-formate (10 mM) to the Ringer’s
solution after the basal rate of methane production had been established.
Microsensor measurements
Clark-type oxygen microsensors with guard cathodes (Revsbech, 1989) were
constructed and calibrated as described previously (Brune et al., 1995). Polarographic
hydrogen microsensors had the same principal design (Witty, 1991), except that the
working electrode was coated with platinum black (Ebert and Brune, 1997). Testing
and calibration procedures were performed as previously described (Ebert and Brune,
1997). Both microsensor types had 90% response times of < 5 s and tip diameters of
10–15 µm. The stirring sensitivity of both electrodes was < 1% of the signal obtained
upon calibration in air-saturated water or at 20 kPa H2, respectively.
Capillary microelectrodes with ion-selective membranes (LIX-type) with a 200–300
µm membrane of Hydrogen Ionophore I–Cocktail A (Fluka) were constructed using
the design described by Revsbech and Jørgensen (1986). The microsensors were
equipped with an external casing filled with 1 M KCl to minimize electrical noise (33)
and had tip diameters of 10–30 µm and 90% response times of < 10 s. The calibration
was performed in commercial pH standard solutions (pH 6–12) and showed a loglinear response in this range (Brune and Kühl, 1995). Electrically shielded platinum
redox microelectrodes with tip diameters of 10–20 µm and response times of 10–20 s
were constructed and calibrated with freshly prepared quinhydrone solutions as
previously described (Ebert and Brune, 1997). In both cases, the working electrode was
connected to a high-impedance electrometer amplifier (Ri > 1014 Ω) via a low-noise
coaxial cable, and electrode potentials were measured against an Ag/AgCl electrode
that was in contact with the agarose-filled microchamber via a KCl-filled agar bridge
(1% agar in 1 M KCl). Reference and casing were grounded.
For the measurements, larvae were dissected, and the intact, fully extended gut was
immediately placed into a small PVC chamber (15 × 15 mm; 9 cm long) with glass
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front and back walls. A 5-mm layer of silicone cast into the bottom of the chamber
allowed the gut to be fixed with minute steel pins. The chamber was irrigated with airsaturated insect Ringer's solution (Brune et al., 1996) by means of a peristaltic pump
(5 ml min–1). Measurements were carried out at ambient temperatures (20–25°C).
Under these conditions, the dissected guts exhibited a moderate peristalsis that
persisted for several hours, indicating that they were still physiologically active.
Microsensors controlled by a manual micromanipulator were mounted vertically
above the chamber; the progress of the tip was observed with a horizontally mounted
stereomicroscope. A more detailed description of the setup has been published
elsewhere (Charrier and Brune, 2003).
Total cell counts
Cell numbers were obtained following a standard protocol (Pernthaler et al., 2001)
with the following modifications: gut sections were homogenized and appropriately
diluted

with

phosphate-buffered

saline

(PBS)

solution

and

fixed

with

paraformaldehyde (3%, w/v) overnight at 4 °C in the dark. Fixed homogenate (1 ml)
was filtered onto white polycarbonate membrane filters, washed with PBS, air-dried,
and subsequently stained with 4,6-diamino-2-phenylindol (DAPI). Cells were counted
by epifluorescence microscopy with an ocular grid; approximately 1000–2000 cells
were counted for each sample.
Metabolites in gut fluid
Individual gut compartments were blotted with tissue paper to remove residual
Ringer’s solution, transferred into plastic vials containing a defined volume of liquid
(see below), and homogenized by using an ultrasonic probe (75 W, 20 s). After
centrifugation (15 min at 14,000 × g), an aliquot of the supernatant was analyzed
using the appropriate method (see below). All procedures for sample preparation were
carried out at temperatures between 0 and 4 °C.
For the determination of microbial fermentation products, gut sections were
homogenized in 100 µl HCl (400 mM) containing Na2-malonate (5 mM) as internal
standard, and supernatants were analyzed by HPLC (Tholen et al., 1997). For the
determination of total dissolved inorganic carbon (ΣCO2), gut sections were
homogenized in 100 µl NaOH (5 mM), and supernatants were subject to flow
injection analysis (Tholen and Brune, 2000). With gut sections of second and third
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instars, the volume of the homogenization fluid was increased to achieve at least a
twofold dilution of the gut contents.
Metabolites in hemolymph
Hemolymph was collected from third instars directly after decapitation using graded
100-µl capillaries; the yield was about 300–400 µl per larva. Samples were immediately
transferred into the same volume of HCl (200 mM) containing phenylthiourea
(2 mM) to prevent clogging (Kramer et al., 1978), centrifuged (15 min at 14,000 × g),
and analyzed by HPLC (Tholen et al., 1997).
Serial dilution cultures
Midgut and hindgut sections were homogenized separately in sterile anoxic BSS using
glass homogenizers. The homogenates were serially diluted (1:10) in substrate-free
medium and inoculated (0.5 ml) into culture tubes containing medium (4.5 ml)
amended with the respective substrates; the procedures have been described elsewhere
in detail (Tholen et al., 1997).
The medium for anaerobic cultivation was anoxic, bicarbonate-buffered mineral
medium (AM-5; 7), supplemented with yeast extract and Casamino acids (Difco; 1 g l–1
each), and kept under a H2/CO2 gas mixture (80:20, v/v) at 50 kPa headspace pressure.
The medium was reduced by adding a palladium catalyst (Tholen et al., 1997) and
adjusted to pH 7.0 with 1 M NaHCO3. For cultivation at pH 10.0, NaHCO3 was
replaced by Na2CO3 and the concentrations of Ca2+, Mg2+, and PO43– were reduced to
0.06, 0.05, and 0.14 g l–1, respectively, to avoid precipitation; the pH of the medium
was adjusted by addition of 1 M Na2CO3.
The medium for aerobic cultivation (MM-5) was identical to medium AM-5 except
that NaHCO3 was replaced by sodium phosphate buffer (pH 7.0; final concentration,
20 mM; autoclaved separately), the concentrations of MgCl2 × 6 H2O and
CaCl2 × 2 H2O were decreased to 0.1 and 0.015 g l–1, respectively, and trace element
solution SL 10 was replaced by trace element solution SL 11 (Eichler and Pfennig,
1986). Medium for aerobic cultivation also received less yeast extract and Casamino
acids (0.5 g l–1 each).
Substrates were added from sterile stock solutions before dispensing the media into
the dilution tubes. Substrate concentrations for aerobic cultures were (in mM):

D-

glucose (2.5), L-lactate (5), and aromatic compounds (5). For anaerobic cultures, the
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amount of substrate was doubled. All cultures were incubated at 30°C in the dark; the
tubes were slanted and gently agitated on a rotary shaker (100 rpm).
Metabolic product profiles
Growth was routinely ascertained by checking turbidity and testing substrate
utilization and product formation by HPLC (Tholen et al., 1997). Inoculated tubes
were scored as positive if substrate degradation was confirmed by the results of HPLC
analysis of the culture supernatant after 2 weeks (oxic) or 4 weeks (anoxic) of
incubation. The presence of sulfate-reducing bacteria and methanogenic archaea was
inferred from the production of sulfide (Cline, 1969) or methane (Platen and Schink,
1987). The presence of homoacetogens was indicated when acetate production was well
in excess over the maximum amount theoretical formed by substrate oxidation.
Utilization of aromatic compounds was analyzed by HPLC (Brune and Schink, 1990).
To ensure that all major products were accounted for, electron balances were routinely
determined for each tube (Tholen et al., 1997).
Statistics
Unless mentioned otherwise, each dataset represents the mean (± standard error) of the
results obtained with at least four different animals. Significance was evaluated by oneway ANOVA (p < 0.05).

Results
Total cell counts
The intestinal tract of P. ephippiata larvae consists of two major compartments — a
long, cylindrical midgut decorated with three rings of midgut ceca, and a bulbous
hindgut (Figs. 1A–C). Both gut compartments are colonized by prokaryotic
microorganisms, with cell densities of 8.9 (± 3.5) × 109 cells per g fresh wt. in the
midgut and 4.0 (± 1.4) × 1010 cells per g fresh wt. in the hindgut (DAPI counts; second
instar). Cell densities obtained for the third instar were in the same range; none of the
values differed significantly due to the large individual variance. In all larvae, however,
were the hindgut values significantly higher (three- to sixfold) than those for the
midgut. Phase-contrast microscopy revealed the presence of cocci, rods, and
filamentous morphotypes. Numerous ciliate protozoa were present in the hindgut, but
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not in the midgut. Also nematodes were regularly encountered in the hindgut; in third
instars, they reached a length of almost 10 mm, and up to 20–30 individuals per larva
were observed.

Table 1: Methane production by the three instars of Pachnoda ephippiata larvae and by isolated
midguts and hindguts (third instar) incubated separately in Ringer's solution under air.

CH4 production rate
Larvae
First instar
Second instar
Third instar
Isolated gut sections
Midgut
Hindgut

n

0.13 ± 0.04
0.12 ± 0.03
0.36 ± 0.11

4
4
6

n.d.b
0.030 ± 0.007

14
14

a

All values are based on the fresh weight of the whole animal and are means ± SE for n different
larvae.

b

Not detectable (< 0.1 nmol g–1 h–1 ).

Axial profiles of intestinal pH and redox potential
Microsensor measurements performed with intact intestinal tracts incubated in aerated
Ringer's solution revealed that the guts of all instars were characterized by large
dynamics of pH and redox potential (Figs. 1E–F). The intestinal pH increased sharply
in the anterior midgut and reached maxima between pH 10.1 and 10.7 beyond the
second crown of midgut ceca (Fig. 1E). The maximal values did not differ significantly
among the instars (pH 10.2 ± 0.1, n = 13). Beyond the third crown of ceca, the pH
declined again, and it remained quite constant at slightly alkaline values over the bulk
of the hindgut (pH 8.4 ± 0.1, n = 13). Only in larvae of the second and third instar
did the gut content return to neutral towards the rectum.
In contrast to the intestinal pH, the redox potential (Eh) of the midgut contents
shifted considerably during larval development. The midgut of first instar larvae was
characterized by oxidizing conditions, whereas the Eh shifted to reducing conditions
in larvae of the second and third instar (Fig. 1F). The contents of the anterior hindgut
paunch showed reducing conditions in all instars (Eh = –100 ± 11 mV, n = 11). In the
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posterior hindgut, the Eh shifted again to more positive values, especially in the
smaller guts of the earlier instars.
Oxygen concentration profiles revealed steep gradients around the midgut and
hindgut compartments; in no case did O2 penetrate deeper than 100 µm into the
lumen of the respective segments. The complete consumption of O2 in the gut
periphery led to anoxic conditions at the gut center of all instars (details not shown).
Only in the small guts of the first instar did oxygen penetrate the thin tubular gut
regions posterior to the third crown of ceca and posterior to the paunch (Fig. 1D).
Hydrogen concentration profiles showed that the accumulation of H2 (approx. 60–
70 Pa) was restricted to only a small region in the dorsal part of the hindgut paunch
(Fig. 1D; details not shown), which is in direct contact with the posterior midgut in
situ (Fig. 1C).
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Figure 1: Habitus of the larval instars (1–3) of
Pachnoda ephippiata (A) and of the intestinal
tract of the third instar (B,C), showing the
three rings of gastric ceca and the point (×)
where midgut (M) and hindgut (H) were
separated. The gut habitus of the other instars
is very similar (not shown). For microsensor
measurements, guts were placed fully
extended (D) into aerated insect Ringer's
solution. Hatching indicates the gut regions of
the first instar which were completely
penetrated by oxygen, shading indicates the
only region of the hindgut where a slight
accumulation of hydrogen was detectable
(see text). Axial profiles of intestinal pH (E)
and redox potential (F) were determined with
microsensors. Bars represent approx. 10 mm.
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Gas exchange rates of larvae
Oxygen consumption rates of all instars were in the same range (~10 µmol g–1 h–1),
with a large individual variance. This might be caused by differences in the activity of
the individual larvae or by different developmental phases within an instar, and was
not further investigated. Also methane emission of individual larvae varied strongly
(Table 1), with rates ranging between 0.05 and 0.45 µmol g–1 h–1. In spite of all
individual variance, however, the specific rates of methane formation were usually
higher in the third instar.

Table 2: Stimulation of methane emission by isolated hindguts of Pachnoda ephippiata (third
instar) incubated in Ringer's solution by the addition of external electron donors.
Substrate added

CH4 formation rate
(µmol

g–1

h–1)a

Stimulation

n

(x-fold)a

Basal rate

After addn.

H2b

0.13 ± 0.03

0.21 ± 0.01

1.8 ± 0.4

3

Methanolc

0.15 ± 0.08

0.50 ± 0.20

4.3 ± 1.2

5

Formated

0.28 ± 0.19

1.04 ± 0.50

4.9 ± 1.2

4

a

All values are based on the fresh wt. of the hindgut and are means ± SE for n different larvae.

b

Headspace partial pressure of 20 kPa.

c

Final concentration of 5 mM.

d

Final concentration of 10 mM.

Separate incubation of isolated midguts and hindguts revealed that CH4 was
produced exclusively by the hindgut [0.20 µmol (g hindgut)–1 h–1 ], which corresponds
to less than 10% of the rate observed with living animals (Table 1). However, when
isolated hindguts were incubated in the presence of potential methanogenic substrates,
CH4 formation was strongly stimulated (up to fivefold) over the endogenous rates.
Interestingly, the stimulating effect of H2 added to the headspace gas was much less
pronounced than that caused by addition of methanol or formate to the incubation
buffer (Table 2).
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Microbial fermentation products
The intestinal tracts of all instars contained short-chain fatty acids and other
metabolites typical of microbial fermentations. The total concentration of
fermentation products in midgut and hindgut was significantly lower in the first
instar than in the second and third instars (Table 3). The latter did not differ
significantly from each other or from the total concentration of fermentation
products in the hemolymph of the third instar [5.7 ± 1.2 mM (n = 5)]. In all instars,
midgut and hindgut contained high concentrations of inorganic carbon (ΣCO2).
While concentrations did not differ significantly among the instars, the
concentrations in the midgut were significantly higher than in the hindgut (Table 3).

Table 3: Gut volume and total concentrations of fermentation products (converted to glucose
equivalents) and dissolved inorganic carbon (ΣCO2) in midgut and hindgut of the three instars of
Pachnoda ephippiata larvaea.
Larval

Volume (µl)

instar

1

ΣCO2c (mM)

Fermentation productsb
(mM)

Midgut

Hindgut

n

Midgut

Hindgut

n

Midgut

Hindgut

n

18 ± 1

14 ± 1

4

2.6 ± 0.6

1.4 ± 0.2

5

41 ± 11

27 ± 7

5

2

71 ± 9

74 ± 7

7

7.0 ± 2.7

6.2 ± 1.9

6

32 ± 8

24 ± 4

5

3

543 ± 43

398 ± 26

3

6.8 ± 1.3

7.5 ± 3.2

1

46 ± 8

23 ± 2

5

a

Values are means ± SE for n different larvae.

b

Based on the number of reducing equivalents released upon formal oxidation to CO2.

c

Total dissolved inorganic carbon (CO2 plus HCO3– plus CO32–)

However, the spectrum of fermentation products differed considerably between
midgut and hindgut, and also among the different instars (Fig. 2), which indicated
changes in the composition of the intestinal microbiota during larval development.
High concentrations of lactate and acetate were present in the midgut of all larvae,
with acetate predominating in the first and lactate in the later instars. Also formate
accumulated in the midgut of all larvae, with highest concentrations in the third
instar. By contrast, acetate was the most abundant fermentation product present in the
hindguts of all larvae and was accompanied by relatively high concentrations of
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propionate in all instars except the first. Interestingly, the composition of the
hemolymph (determined only for the third instar) reflected the spectrum of microbial
fermentation products in the midgut rather than that in the hindgut (Fig. 2).
Metabolic product profiles in serial dilutions
In order to identify the metabolic potential of the gut microbiota and the relative
abundance of major metabolic groups, enrichment cultures on different substrates
were inoculated with tenfold serial dilutions of midgut and hindgut homogenates of a
P. ephippiata larva (third instar) amended with various substrates. Growth was recorded
and metabolic product profiles were determined for all dilutions.

12

1st instar
M

H

8

4

0
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2nd instar
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Figure 2: Microbial fermentation products in
midgut (M) and hindgut (H) of the three larval
instars and in the hemolymph (third instar) of
Pachnoda ephippiata. Concentrations were
calculated using the geometrically estimated
volumes. Bars represent SE for 5 separate
guts (n = 11 for the third instar).

Under oxic conditions, all substrates were completely oxidized to CO2, whereas
microbial fermentation products accumulated under anoxic conditions. Figure 3
illustrates the results obtained for a dilution series with glucose as substrate. A
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comparison of the product profiles obtained with midgut and hindgut homogenates
incubated at pH 7 indicates that the microbiota of the two gut sections differed
strongly. For the midgut, the formation of propionate and butyrate was observed only
in the lower dilutions, whereas the products of the higher dilutions consisted almost
exclusively of lactate, acetate, ethanol, and formate. For the hindgut, however, butyrate
formation was observed even in the highest positive dilution, and also propionate was
a major product in all except the highest positive dilution. Moreover, the number of
positive tubes was usually one tube higher than in the case of the midgut.

Midgut

Midgut

Hindgut

pH 7

pH 10

pH 7

Electron recovery (%)

300

Acetate
Propionate
Butyrate

200

Lactate
Formate
Succinate

150

Ethanol
Glucose

100

50

0
4

5

6

7

8

9

10 11

4

5

6

7

8

9

10 11

4

5

6

7

8

9

10 11

Dilution step

Figure 3: Metabolic product profiles of enrichment cultures on glucose inoculated with
tenfold serial dilutions of midgut and hindgut homogenates of a Pachnoda ephippiata larva
(third instar), incubated at pH 7 or pH 10. A dilution step of n is equivalent to 10–n gut
equivalents in the inoculum.

When midgut homogenates were serially diluted in alkaline medium (pH 10), the
number of the highest positive dilution was always identical to that obtained with
glucose at pH 7. While the higher dilutions had product profiles similar to those of
the corresponding series in neutral medium (Fig. 3), no butyrate was formed and
propionate formation was reduced in the lower dilutions; also growth was slower than
under neutral conditions. Similar results were also obtained with Casamino acids
(details not shown). The same dilution depth was obtained under oxic conditions.
Table 4 summarizes the results obtained with dilution series on other substrates;
the results allows an estimation of the abundance of the major metabolic groups in
midgut and hindgut. The highest positive dilutions were consistently obtained for the
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hindgut compartment, both with glucose or Casamino acids as substrate, regardless of
whether oxic or anoxic media were used for the enumeration. The apparent number of
cellulose-degrading bacteria was inferred from the complete dissolution of filter paper
disks incubated in the basal medium. It was 1–2 orders of magnitude lower than that
obtained for bacteria degrading glucose or Casamino acids, both in midgut and
hindgut. Cellulose degradation was observed only in oxic dilution series, and cellulose
was not degraded under alkaline conditions.

Table 4. Abundance of major metabolic groups in serial dilutions of midgut and hindgut
homogenates of Pachnoda ephippiata larvae (third instar). Values represent log10 of the last positive
dilution in 3–4 replicate series at pH 7.
Metabolic group

Substrate

Midgut

Hindgut

Celluloseb
Glucose
Casamino acidsc
Vanillin, Cinnamate

8
9–10
9
6–7

7
10
10
8

Fermentingd

Celluloseb
Glucose
Casamino acidsc
Lactate

< 4e
9
8
7–8

<4
10
9
8–9

Methanogenicd
Homoacetogenicd
Sulfate-reducingd

H2–CO2
H2–CO2
Lactate, Formate

6–8
4–5
4

8–10
7–8
6

Aerobica

a

Medium MM-5 incubated under air.

b

Filter paper disks (equivalent to 5 mM glucose).

c

Concentration was increased to 0.5 mg l–1.

d

Medium AM-5 under H2–CO2 atmosphere.

e

Dilution series started with the 104th dilution.

Anaerobic bacteria were present both in midgut and hindgut, although the
apparent numbers were consistently higher in the hindgut (Table 4), where both
lactogenic and butyrogenic physiotypes were present in the highest dilutions. Lactatefermenting bacteria formed propionate and acetate as major products, and judged by
the occurrence of propionate formation in the dilutions series on glucose, it appeared
as if the same populations are also responsible for propionate formation in these
cultures. Also methanogenic archaea seem to be present in similar abundance, whereas
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the apparent number of CO2-reducing homoacetogenic bacteria and of lactateoxidizing sulfate-reducing bacteria is considerably lower. Methane production was
much lower in the alkaline series, whereas the apparent number of homoacetogens was
unaffected by the pH of the medium. Aerobic bacteria mineralizing vanillate and
cinnamate were present in considerable numbers, but aromatic compounds were not
degraded under anoxic conditions; only demethylation of vanillate and side-chain
reduction of cinnamate occurred in lower dilutions.

Discussion
The importance of the gut microbiota in fiber digestion by scarabaeid beetle larvae
was first recognized by Werner (1926), who demonstrated cellulose degradation,
proteolytic activities, and microbial fermentation products in the gut of the larva of
Potosia cuprea. Later investigations revealed that the presence of a strongly alkaline
midgut equipped with hydrolytic enzyme activities and a circumneutral hindgut
characterized by microbial fermentations processes is typical for the larvae of the
Scarabaeideae (Bayon, 1980; Bayon and Mathelin, 1980; Grayson, 1958; Rössler, 1961;
Wiedemann, 1930).
Physicochemical gut conditions
First reports on the extremely alkaline pH in the midgut of scarabaeid beetle larvae
date back almost 80 years (Schlottke, 1945; Werner, 1926; Wiedemann, 1930). Grayson
(1958) compared the gut pH of different coleopteran larva and found highest pH
values in the midgut contents of Osmoderma scabra (pH 10.2) and Cotnis nitida (pH
10.1), which feed on decaying logs or humic soil; he carefully concluded that "those
species feeding on decaying organic matter have a medium to strong alkaline reaction
in the midgut".
The fine-scale intestinal pH profiles presented in this study document a
pronounced dynamics of physicochemical conditions along the gut of P. ephippiata.
The results are in good agreement with those reported for third-instar larvae of
Costelytra zealandica (Biggs and McGregor, 1996), where the pH increased strongly in
the pre-cecal portion, remained rather constant (pH 10.8–10.9) in the anterior and
middle portion, and dropped at the posterior end of the midgut, whereas a constant
pH of 8.2 was present in the large hindgut. A similar situation seems to be present
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also in Oryctes nasicornis, where the midgut has a pH of 11.7 and the pH in the hindgut
is 8.5 (Bayon, 1980). The mechanism responsible for the generation of the alkaline pH
remains to be investigated; it may be similar to that described for certain lepidopteran
larvae (Dow, 1992; Harrison, 2001).
Although the midgut of P. ephippiata is mostly anoxic, most likely owing to the
combination of microbial respiration and chemical oxygen consumption of the
alkaline gut contents, as in soil-feeding termites (Kappler and Brune, 1999), and highly
alkaline, it has a relatively positive redox potential, whereas the neutral hindgut is
more reduced. The Eh values are similar to those reported for the larva of Oryctes
nasicornis (+30 mV in the alkaline midgut, –80 to –100 mV in the neutral hindgut;
Bayon, 1980). Slightly lower redox potentials have been reported for midgut and
hindgut of Pachnoda marginata (–100 to –200 mV; Catemier, 1999). The situation in
humivorous beetle larvae is similar to that in soil-feeding termites (Cubitermes spp.),
where the intestinal redox potential appears to be controlled not only by the presence
of oxygen or hydrogen and the prevailing pH in the respective gut compartments, but
also by other redox-active components, such as humic substances and iron minerals,
which are potential mediators and/or electron acceptors for the mineralization of
organic matter (Kappler and Brune, 2002). Interestingly, the conditions in the gut of
the two smaller instars of P. ephippiata were slightly more oxidizing than in the large
gut of the third instar. This effect is probably related to the larger surface-to-volume
ratio in the small instars, which should increase the rate of oxygen influx via the gut
epithelium (Brune, 1998). Oxygen reduction in the gut periphery has been shown to
affect the metabolic processes in the gut of Reticulitermes flavipes (Tholen and Brune,
2000), and would also explain the differences in the fermentation product pattern
between the instars of P. ephippiata (Fig. 2).
Hydrolysis of polymers
Many scarabaeid beetle larvae can feed exclusively on humus, e.g., on a peat soil
devoid of living plant roots. An analysis of the gut contents has revealed that larvae of
Adoryphorus couloni feed preferentially on the organic soil constituents, which are
sequestered at 2–4 times their concentration in the bulk soil (Mc Quillan and Webb,
1994). In P. ephippiata, the weight of the gut represents almost half the larval biomass
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(51, 44, and 38% in the first, second, and third instar, respectively), and based on dry
weight, captive larvae produce almost two gut equivalents of feces per day.
The high pH in the midgut should facilitate the desorption of humic substances
from the mineral matrix, thus rendering organic components accessible to enzymatic
digestion (Kappler and Brune, 1999). The black-brown contents of the alkaline
midguts of Cetonia aurata and Potosia cuprea (pH 11–11.5) contain alkaline protease
and amylase activities, whereas cellulase activities seem to be restricted to the hindgut
(pH 7.0) (Schlottke, 1945; Werner, 1926). In their investigations on Oryctes nasicornis,
Bayon and Mathelin (1980) have shown high rates of cellulose hydrolysis in midgut
and hindgut, and also P. marginata larvae possess high activities of hydrolytic enzymes
(xylanase, carboxymethylcellulase) in midgut and hindgut (Cazemier et al., 1997).
High protease activity has been reported for the midgut of third instars of Costelytra
zealandica (Biggs and McGregor, 1996), and also the midgut of Melolontha melolontha
larvae contains a complex mixture of proteinases, recently described in detail (Wagner
et al., 2002). Numerous alkali-stable proteases are also found in P. ephippiata (H. Zhang
and A. Brune, unpublished results), and high ammonium concentrations in the
hindgut of P. ephippiata (T. Lemke, X. Li, and A. Brune, unpublished results) indicate
that the products of enzymatic hydrolysis are eventually subject to degradation by the
animal and/or its gut microbiota.
Microbial fermentations
The exact contribution of the gut microbiota to the hydrolysis of different dietary
components remains to be clarified since both the host and its microbial symbionts
are potential sources of digestive enzymes. Nevertheless, the participation of gut
microorganisms in the fermentative breakdown of the products of enzymatic
hydrolysis is clearly evidenced by the high concentrations of microbial fermentation
products in the midgut and hindgut fluid. The relative abundance of fermentation
products in midgut and hindgut of P. ephippiata differs considerably and also changes
during larval development. A dominance of lactate and acetate among the
fermentation products in midgut and hindgut has been reported for P. marginata
(Cazemier et al., 1997), whereas acetate and propionate are the major metabolites in
Oryctes nasicornis (Bayon, 1980; Bayon and Mathelin, 1980).
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As in other insects possessing a digestive microbiota, the microbial fermentation
products will eventually be oxidized by the animal (Breznak and Brune, 1994). This is
in agreement with the presence of short-chain fatty acids in the hemolymph, which
has been reported also for the larva of Oryctes nasicornis and Popillia japonica (Bayon,
1980; Stubblefield et al., 1966). Although the pattern of metabolites in the hemolymph
resembles that of the midgut more closely than that of the hindgut, it has been
pointed out already by several authors that the structure of the hindgut epithelium
indicates that also the proctodeal dilation is a zone of absorption (Bayon, 1971;
Rössler, 1961; Wiemann, 1930).

Major metabolic groups of microorganisms
The bacterial density in the two major gut compartments of P. ephippiata is similar to
that reported for P. marginata (Cazemier et al., 1997). Little is known, however, about
the microorganisms colonizing the intestinal tract of scarab beetle larvae and their
metabolic activities.
The cultivation-independent study published in the companion paper (Egert et al.,
2003) showed that the microbial community in the midgut is composed almost
exclusively of Gram-positive bacteria, with clones associated with the Actinobacteria, the
Clostridiales, and to a lesser extent, the Lactobacillales and Bacillales dominating the
clone library. Interestingly, several clones were virtually identical to the 16S rRNA
sequence of Promicromonospora pachnodae isolated from the gut of P. marginata
(Cazemier et al., 2003), which is closely related to the cellulolytic bacterium
Cellulosimicrobium variabile isolated from the hindgut of the termite Mastotermes
darwiniensis (Bakalidou et al., 2002). Its presence in large numbers also in the gut of P.
ephippiata larvae (O. Geißinger and A. Brune, unpublished results) suggests that
Promicromonospora pachnodae may be a specific member of the gut microbiota of
Pachnoda larvae. P. pachnodae, initially designated "Cellulomonas pachnodae"
(Cazemier et al., 1999), is a facultatively anaerobic bacterium that possesses
endoglucanase and xylanase activity, and ferments glucose to acetate, lactate, ethanol,
and formate (Cazemier et al., 2003), which is in good agreement with the metabolic
product pattern of the serial dilutions (Fig. 3).

142

Appendix A

The microbial community composition in the hindgut of P. ephippiata, however,
differs markedly from that in the midgut (Egert et al., 2003). The clone library was
dominated by clones associated with the CFB phylum, the Clostridiales, and the
Lactobacillales; clones related to Bacillales and Actinobacteria were of minor frequency.
Interestingly, the first bacterium ever isolated from scarab beetle larvae was a "Bacillus
cellulosam fermentans" (Werner, 1928) – a Gram-negative, obligately anaerobic, sporeforming bacterium that did not grow on monosaccharides, disaccharides, or starch,
resembling Omelianski's "Wasserstoffbacillus" (Omelianski, 1902) and Khouvine's
"Bacillus cellulosae dissolvens" (Khouvine, 1923) in the strong production of hydrogen
and acidic fermentation products. The isolate was eventually lost, but from the
description and its association with cellulose fibers (Werner, 1928), it can be safely
concluded that it was an obligate anaerobe, possibly representing a cellulolytic
member of the CFB phylum or the clostridia.
Representatives of both groups seem to be numerically important in the gut of P.
ephippiata (Egert et al., 2003). The presence of clostridia and Bacteroides-related bacteria
is in good agreement with the formation of butyrate as a characteristic product in the
highest dilutions of hindgut contents. Since butyrate production – at least in clostridia
– is dependent on the hydrogen partial pressure in the environment (Schink, 1997),
the apparent absence of butyrate accumulation in the hindgut fluid may be explained
by the low H2 partial pressure maintained in all hindgut regions.
Microorganisms capable of aerobic and fermentative metabolism appear to be
similar in abundance or may even represent populations of facultatively anaerobic
bacteria. Only the bacteria mineralizing vanillate and cinnamate seem to be obligately
dependent on the influx of oxygen into the gut. Just as in the case of the termite gut
microbiota (Brune et al., 1995), such lignin-derived aromatic compounds were not
degraded under anoxic conditions; only demethylation of vanillate and side-chain
reduction of cinnamate occurred in the lower dilutions.
Methanogenesis
In P. ephippiata, methanogenesis takes place exclusively in the hindgut paunch, but not
in the alkaline midgut. This is in good agreement with the results of the cultivationindependent characterization of the archaeal community in the different gut
compartments, which revealed that the dominant archaea in the midgut were (most
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likely non-methanogenic) Crenarchaeota (Egert et al., 2003). Methanogenesis is
restricted to the hindgut also in the larvae of other scarabaeid beetles (Bayon, 1980;
Hackstein and Stumm, 1994), and the methane emission rates are in the same range as
those determined for P. ephippiata (Table 1). The large individual variance could be at
least partly attributable scarabaeid beetle larvae emitting CH4 not by flatulence, but by
spiracular-controlled 6-min bursts only once every 1.5 h, as demonstrated for Pachnoda
butana (Bijnen et al., 1996).
Similar to the situation in cockroaches and soil-feeding termites (Lemke et al., 2001;
Schmitt-Wagner and Brune, 1999), the methane emission rates of isolated hindguts of
P. ephippiata were considerably lower than those of whole larvae, and methanogenesis
was stimulated considerably by exogenous electron donors. In cockroaches (Blaberus
sp.), a cross-epithelial transfer of H2 from the midgut compartment drives
methanogenesis in the hindgut (Lemke et al., 2001), and also the high in vivo rates of
methanogenesis in soil-feeding termites (Cubitermes spp.) have been explained with the
proximity of H2-producing and H2-consuming gut compartments within the abdomen
(Schmitt-Wagner et al., 1999). However, in scarab beetle larvae, the discrepancy
between methane emission rates of whole animals and isolated hindguts, which is also
evident from the data for Oryctes nasicornis (Bayon, 1980), cannot be explained by the
same mechanism. H2 does not accumulate in the midgut of P. ephippiata, and since the
bulk of midgut and hindgut are not in direct contact in scarab beetle larvae (Fig. 1C),
the highly diffusible H2 molecule would not be a good transport form of reducing
equivalents. Rather, the accumulation of formate as a major product of fermentation
in the midgut, its presence in the hemolymph, and the strong stimulatory effect of
formate on hindgut methanogenesis indicate that midgut fermentations are coupled
to methanogenesis in the hindgut by formate transported via the hemolymph.
Conclusion
The digestive tract of humus-feeding scarab beetle larvae show considerable parallels to
the situation in soil-feeding termites, particularly with respect to the alkaline gut
regions. The gut of P. ephippiata larvae harbors a dense and diverse microbiota, which
differs considerably among the major gut regions and from that in the soil fed to the
larvae (Egert et al., 2003). To date, only few of these bacteria have been isolated in pure
culture, but the results of the present study are quite encouraging for further
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cultivation-based investigations, which are important to improve our understanding of
the functional interactions of the symbiotic microbiota involved in the digestion of
soil organic matter by humivorous insects.
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Abstract
Microscale differences in the physicochemical conditions in different gut
compartments and the activity of a diverse microbiota are intimately linked in insect
guts. We investigated the physicochemical conditions and the microbial diversity in
the two major gut compartments (midgut and hindgut) and in subcompartmental gut
fractions (gut wall and lumen) of the larva of Melolontha melolontha to gain more
insight into digestive processes of phytophagous beetle larvae. Microsensor
measurements revealed slightly alkaline intestinal pH values (max. pH 8.6) along the
gut axis and circumneutral values towards the rectum. Midgut and hindgut were
largely anoxic, and oxygen did not penetrate deeper than 100 µm into the gut lumen.
The midgut displayed redox potentials in the range of 220–340 mV, which dropped to
0 mV in the large hindgut dilatation. Methane emission was restricted to the hindgut,
which agreed with the finding that no archaeal 16S rRNA genes were detectable in
midgut DNA extracts. Acetate was the by-far most abundant (15–34 mM) short chain
fatty acid in both gut sections. The midgut contained considerable amounts of glucose
(12 mM), which probably originates from the hydrolysis of plant polysaccharides. The
entire gut was densely populated with microorganisms. T-RFLP fingerprinting of
microbial 16S rRNA genes indicated that the midgut lacks a specific and stable
microbiota, whereas the bacterial community at the hindgut wall was very similar
among individual larvae, i.e., the midgut microbiota might not perform a particular
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mutualistic function, whereas the bacterial community at the hindgut wall presumably
does. A detailed analysis of the structure and topology of this microbial community is
presented in a companion study (M. Egert, L. Dhyrberg Bruun, B. Pommerenke, A.
Brune, and M. W. Friedrich, Appl. Environ. Microbiol., submitted).

Introduction
The intestinal tracts of insects are complex habitats for microorganisms where basic
physicochemical parameters can markedly change on a microscale (Brune, 1998, 2003;
Brune et al., 1995; Brune and Friedrich, 2000). These steep physicochemical gradients
can strongly influence major digestive processes. For instance, in soil-feeding termites,
the extreme alkalinity of the anterior hindgut and an influx of oxygen are important
factors controlling the transformation of ingested soil organic matter. They lead to a
decrease in molecular weight, an increase in solubility, and chemical oxidation of the
ingested organic matter, rendering it more accessible for digestion in subsequent lessalkaline gut compartments (Ji and Brune, 2001; Ji et al., 2000; Kappler and Brune,
1999). In other insects, with a diet rich in tannins and phenols, high intestinal pH
values prevent a precipitation of dietary proteins and digestive enzymes (Felton and
Duffey, 1991; Martin et al., 1987). The physicochemical conditions in different gut
compartments can also influence structure and function of the intestinal microbial
communities, which are believed to play a vital role in the digestive processes and thus
for the nutrition of their hosts (Brune, 2003; Dillon and Dillon, 2004). The influx of
oxygen into the termite gut allows the occurrence of aerobic microorganisms (Brune
and Friedrich, 2000) and shifts the fermentation balance of propionigenic bacteria
towards more acetate (Tholen and Brune, 2000). Clearly, a deeper understanding of the
digestive processes in insect guts requires the linking of microbial community
structure to the physicochemical conditions prevalent in different gut sections.
The gut physicochemistry, digestive processes, and diversity of intestinal
microorganisms of scarabaeid beetle larvae have also received some attention (Bauchop
and Clark, 1975, 1977; Bayon, 1980; Bayon and Mathelin, 1980; Cazemier et al.,
1997a, 1997b). Their intestine comprises two major sections: a tubular, alkaline midgut
with hydrolytic enzyme activities, and a bulbous, circumneutral hindgut, considered as
a fermentation chamber (Grayson, 1958; Rössler, 1961; Wiedemann, 1930; Wildholz,
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1954). Both compartments contain a dense and diverse microbiota (Bauchop and
Clark, 1975; Cazemier et al., 1997a), which was recognized early to participate in
digestion (Werner, 1926, 1928), but the composition of this microbiota or its spatial
distribution within the gut has hardly been investigated. Recently, we reported the
physicochemical

conditions,

microbial

activities,

and

microbial

community

composition in the intestinal tract of humivorous Pachnoda ephippiata larvae (Egert et
al., 2003; Lemke et al., 2003). Similar to soil-feeding termites, the gut of P. ephippiata is
characterized by strong midgut alkalinity, high concentrations of microbial
fermentation products, and a dense and diverse microbial community that differs
clearly between the major gut sections and is markedly different from the community
in the ingested soil. However, little is known about scarabaeid larvae from other
feeding guilds.
Here we report the physicochemical conditions and the microbial diversity, assessed
by T-RFLP profiling of bacterial and archaeal 16S rRNA genes, in different gut
sections and subcompartmental gut fractions (gut wall and lumen) of phytophagous,
i.e., root-feeding, Melolontha melolontha larvae, which have been severe pests of
agricultural plants in Central Europe for more than 500 years (Keller, 1986). To
elucidate the composition and topology of microbial communities in the hindgut of
M. melolontha larvae in more detail, we used a 16S rRNA gene cloning approach
accompanied by fluorescence in situ hybridization (FISH) analyses, the results of
which are reported in the companion paper (Egert et al., 2004b).

Materials and Methods
Insects
Late second and third larval instars of the European cockchafer (Melolontha melolontha
L.; Fig. 1A) were collected in 2002 and 2003 near Obergrombach, Germany, and kept
separately in soil in plastic containers at 15°C for several months. The larvae were fed
with grass roots. Only actively feeding insects were used for the experiments. For
dissection, larvae were anaesthetized with N2/CO2 (80:20, v/v) for 20 min.
Subsequently, the larvae were transferred into Ringer’s solution (9) and decapitated.
The whole gut was dissected and the fat cells were removed. For separation of different
gut sections and subcompartmental fractions, isolated guts were separated at the

Appendix B

153

muscular midgut-hindgut junction into a midgut section, including the short foregut,
and a hindgut section, including paunch, colon and rectum (Fig. 1B). For preparation
of wall and lumen fractions, isolated gut sections were carefully opened with scissors
and the gut content was taken out with a sterile spatula. Subsequently, gut walls were
repeatedly washed clean with sterile Ringer’s solution.
Microsensor measurements
Freshly dissected guts were embedded in a small PVC chamber (8 × 1.3 × 1.3 cm) and
fixed onto the silicone-covered bottom with minute steel pins. The chamber was
constantly flushed with air-saturated insect Ringer’s solution with a peristaltic pump
(5 ml min−1). Microsensors were positioned with a manual micromanipulator, and the
progress of the tip was monitored with a horizontally mounted stereomicroscope. All
measurements were carried out at ambient temperatures (22 ± 1°C). A more detailed
description of the setup has been published elsewhere (Charrier and Brune, 2003).
Oxygen was measured using Clark-type sensors with guard cathodes (Revsbech,
1989); that sensors were constructed and calibrated as described previously (Brune et
al., 1995). Polarographic hydrogen microsensors had the same principle design (Witty,
1991), but the working electrode was covered with platinum black (Ebert and Brune,
1997). Microsensors were tested and calibrated as described previously (Ebert and
Brune, 1997). Both microsensors had 90% response times of <5 s and tip diameters of
10–15 µm. The stirring sensitivity of the two electrodes was <1% of the signal obtained
upon calibration in air-saturated water or at 20 kPa H2, respectively. For pH
measurements, capillary microsensors with ion-selective membranes (LIX-type) with a
200–300 µm membrane of hydrogen ionophore I cocktail A (Fluka, Buchs,
Switzerland) were constructed using the design described in (Revsbech and Jorgensen,
1986). The microsensors were equipped with an external casing filled with 1 M KCl to
minimize electrical noise (Jensen et al., 1993) and had tip diameters of 10–30 µm and
90% response times of <10 s. The pH microsensors were calibrated in commercial pH
standard solutions (pH 5–12) and showed a log-linear response in this range.
Electrically shielded platinum redox microelectrodes with response times of 10–20 s
and tip diameters of 10–20 µm were constructed and calibrated with freshly prepared
quinhydrone solutions as described elsewhere (Ebert and Brune, 1997). Redox and pH
working electrode was connected to a high-impedance electrometer amplifier (Ri >
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1014 Ω) via a low-noise coaxial cable, and electrode potentials were measured against a
Ag/AgCl electrode, which was in direct contact with the measurement microchamber
via a KCl-filled agar bridge (1% agar in 1M KCl). The reference and casing were
grounded.
Metabolites in gut fluids and hemolymph
Hemolymph was collected via an incision of the integument before decapitating the
larvae, and gut sections were dissected as described above. Hemolymph and gut
sections were treated as follows: mild sonification, centrifugation (14000 × g, 10 min),
addition of 5 µl H2SO4 (5 M) per 95 µl supernatant, centrifugation (14000 × g, 10
min), and HPLC measurement of supernatant (50 µl). Glucose, ethanol, formate,
acetate, propionate, butyrate, iso-butyrate, iso-valerate, lactate, and succinate served as
external standards (2.5, 5, and 10 mM each). The HPLC system consisted of a
precolumn and a column (250 × 8 mm) filled with Grom-Resin ZH (Grom,
Herrenberg, Germany); analyses were performed at 60°C with H2SO4 (5 mM ) as
eluent (flow rate 0.6 ml min−1). The eluent was passed through an online degasser
(DGU-14A, Shimadzu, Duisburg, Germany). Metabolites were detected using an RI
detector (RID-10A, Shimadzu, Duisburg, Germany). Peak identity was verified by
using an additional in-line UV detector (SPD-10A, Shimadzu, Duisburg Germany) at
210 nm. Data were recorded and integrated with the Eurochrom 2000 software
package (Knauer, Berlin, Germany).
Sulfate concentration
Isolated midguts (n = 4) and hindguts (n = 4) were homogenized with an ultrasonic
probe (Dr. Hielscher, Teltow, Germany) and centrifuged for 15 min at 21000 × g. The
supernatants (~50 µl) were diluted twofold with HCl (0.5 M) and again centrifuged
(10 min, 10000 × g). The sulfate concentration in the supernatants was determined by
ion (HPLC) chromatography analysis using an LCA-A03 column (Sykam,
Fürstenfeldbruck, Germany) at 30°C with an aqueous eluent containing Na2CO3 (5
mM), 4´-hydroxybenzonitrile (50 mg l−1), and 20% acetonitrile at a flow rate of 1.5 ml
min−1. The column was regenerated with 0.2 M H2SO4. The presence of sulfate was
verified using an internal standard.
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Methane production rates
Larvae and isolated gut sections were incubated for several hours at room temperature
in the dark in 150- and 36.5-ml glass vials, respectively, which were sealed under air or
a N2-atmosphere, respectively. When individual gut compartments were tested, the
vials received a small amount of insect Ringer’s solution to avoid desiccation of the
samples. At regular intervals, gas samples were analyzed for methane by gas
chromatography using a flame ionization detector (Shimadzu, GC 8 A, Japan).
Stimulation of methane emission was tested by supplementing the headspace with H2
(5%) (larvae and gut sections) or by adding Na-formate (5 mM; gut sections only),
after the basal rate of methane production had been established.
Total cell counts
Cell numbers (DAPI counts) were obtained following the protocol for fluorescence in
situ hybridization of paraformaldehyde-fixed cells, described in the companion paper
(Egert et al., 2004b).
DNA extraction
DNA was extracted from different gut sections and subcompartmental gut fractions of
individual larvae and from plants roots with some attached soil (max. 0.5 g),
representing food consumed by the larvae, following a direct lysis protocol previously
described in detail (Henckel et al., 1999). DNA was purified from the supernatant with
phenol/chloroform/isoamylalcohol (25:24:1 by vol.), followed by consecutive
isopropanol

and

ethanol

precipitation.

DNA

extracts

were

cleaned

with

polyvinylpolypyrrolidone-filled spin-columns as described previously (Egert et al.,
2003).
T-RFLP analysis
16S rRNA genes were specifically amplified using the combination of 6carboxyfluorescein (FAM)-labeled primer 27f (5´-AGA-GTT-TGA-TCC-TGG-CTC-AG3´) (Edwards et al., 1989) and primer 907r (5´-CCG-TCA-ATT-CCT-TTR-AGT-TT-3´)
(Muyzer et al., 1995) for Bacteria and primer Ar109f (5´-ACK-GCT-CAG-TAA-CACGT-3´) (Grosskopf et al., 1998) and FAM-labeled primer Ar915r (5´-GTG-CTC-CCCCGC-CAA-TTC-CT-3´) (Stahl and Amann, 1991) for Archaea. The standard reaction
mixture contained, in a total volume of 50 µl, 1× PCR buffer II (Applied Biosystems,
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Weiterstadt, Germany), 1.5 mM MgCl2, 50 µM of each of the four deoxynucleoside
triphosphates (Amersham Pharmacia Biotech, Freiburg, Germany), 0.5 µM of each
primer (MWG Biotech, Ebersberg, Germany), and 1.25 U of AmpliTaq DNA
polymerase (Applied Biosystems). In addition, 1 µl of a 1:20 dilution of DNA extract
was added as template. All reactions were prepared at 4°C in 0.2-ml reaction tubes to
avoid non-specific priming. Amplification was started by placing the reaction tubes
immediately into the preheated (94°C) block of a Gene Amp 9700 Thermocycler
(Applied Biosystems). The standard thermal profile for the amplification of 16S rRNA
genes was as follows: initial denaturation (94°C, 3 min), followed by 32 (Bacteria) or
35 (Archaea) cycles of denaturation (94°C, 30 s), annealing (52°C, 45 s), and extension
(72°C, 90 s). After terminal extension (72°C, 5 min), samples were stored at 4°C until
further analysis. Aliquots (5 µl) of 16S rRNA gene amplicons were analyzed by gel
electrophoresis on 1% agarose gels and visualized after staining with ethidium
bromide. PCR products were purified using the MinElute PCR purification kit
(Qiagen, Hilden, Germany).
Prior to digestion, amplicon concentrations were determined photometrically.
DNA (75 ng), 2.5 U of restriction enzyme [MspI (bacterial amplicons) or AluI (archaeal
amplicons); Promega, Mannheim, Germany], 1 µl of 10× incubation buffer, and 1 µg
of bovine serum albumin were combined in a total volume of 10 µl and digested for 3
h at 37°C. Fluorescently labeled T-RFs were size-separated on an ABI 373A automated
sequencer (Applied Biosystems) using an internal size standard (GeneScan-1000 ROX;
Applied Biosystems). T-RFLP electropherograms were analyzed with GeneScan 2.1
software (Applied Biosystems).
Ecological indices and statistical analysis
T-RFLP profiles were normalized and subsequent ecological diversity (Shannon-Wiener
index, evenness) and community similarity (Morisita) indices, based on T-RFLP data,
were calculated as described recently in detail (Egert et al., 2004a). Differences between
samples (in ecological indices or physicochemical parameters) were checked for
statistical significance (P ≤ 0.05) with non-parametric tests (Mann-Whitney) using
SYSTAT 10.0 (SPSS Inc., Chicago, USA). All values are presented as means ± SEM.
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Results
Cell densities
The major compartments of the intestinal tract of M. melolontha larvae (Fig. 1B) were
colonized by prokaryotic microorganisms with cell densities of 3.2 (± 1.2) × 109 cells g
fresh wt.−1 in the midgut and 1.5 (± 0.6) × 1010 cells g fresh wt.−1 in the hindgut (DAPIcounts; n = 5, each). On average, the hindgut compartment contained approximately
fivefold more cells than the midgut, and this difference was significant.

Figure 1: Habitus (A) and excised gut (B) of a Melolontha melolontha larva (late second larval
instar; M: midgut, H: hindgut plus rectum; scale bar represents ca. 1 cm), and (B) profiles of
redox potential and intestinal pH along the gut axis. Each value represents mean ± SEM of
three replicate guts.
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Microsensor measurements
Microsensor measurements of intact intestinal tracts (n = 3, each) incubated in aerated
Ringer’s solution revealed that the guts were characterized by moderate pH and large
redox potential dynamics (Fig. 1B). The intestinal pH along the midgut was relatively
constant, ranging from 7.9 to 8.2. The highest pH values were recorded in the anterior
hindgut paunch (pH 8.6); thereafter they steadily declined to neutral values (pH 7.1) at
the end of the rectum. The redox potential (Eh) was in the range of 220–340 mV (Fig.
1), which indicated that the midgut content of M. melolontha larvae is characterized by
oxidizing conditions. At the junction of midgut and hindgut, Eh values sharply
dropped to reach the lowest values (0 mV) at the anterior hindgut paunch. Towards
the end of the hindgut and along the rectum, Eh values increased again to reach values
similar to those in the midgut (270 mV). Radial oxygen concentration profiles (n = 2)
revealed steep gradients around the midgut and hindgut compartments; O2 did not
penetrate deeper than 100 µm into the lumen of the respective segments. The
complete consumption of O2 in the gut periphery led to anoxic conditions at the gut
center of the midgut and hindgut (details not shown). Axial hydrogen concentration
profiles (n = 4) showed a slight accumulation of hydrogen, ranging from 0.1 ± 0.0 to
0.4 ± 0.2 kPa, which was restricted to a small region of the midgut (measurement
points 4–7 in Fig. 1B; details not shown).
Methane production rates
The methane emission rate of individual larvae (n = 5) incubated under air was 51 ± 9
nmol (g fresh wt. h)−1. Addition of 5% (v/v) hydrogen to the headspace significantly
doubled the emission rate to 96 ± 7 nmol (g fresh wt. h)−1. Separate incubation of
isolated midguts and hindguts (n = 3, each; under N2 atmosphere) revealed that CH4
emission was restricted to the hindgut compartments, where methane was produced at
a rate of 23 ± 10 nmol (g fresh wt. h)−1, corresponding to approximately half of the
rate observed with living animals. When incubated under air, isolated hindguts
revealed emission rates similar to those obtained under a N2 atmosphere [22 ± 13
nmol (g fresh wt. h)−1]. Addition of 5% hydrogen to the headspace increased the
average methane emission to 44 ± 17 nmol (g fresh wt. h)−1, but because of large
individual variations, this was not significant. Addition of formate (5 mM), another
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potential methanogenic substrate, did not affect methane emission from isolated
hindguts [26 ± 12 nmol (g fresh wt. h)−1].
Table 1: Concentration of short-chain fatty acids and glucose in major gut
sections and hemolymph of Melolontha melolontha larvae. Values are mean ± SEM (n =
4). Means within rows followed by the same letter are not significantly (P < 0.05)
different.
Concentration (mM)
Metabolitea

Midgut

Hindgut

Hemolymph

Acetate

33.6 ± 6.3

14.8 ± 3.4

3.2 ± 1.2

Lactate

1.8 ± 0.1

0.4 ± 0.2

1.4 ± 0.5

—b

0.2 ± 0.2

—b

Succinate

0.8 ± 0.2

0.2 ± 0.1

2.9 ± 0.9

Glucose

12.0 ± 4.2

0.9 ± 0.4

2.9 ± 0.9

Propionate

a

Not detected (detection limit in parentheses): ethanol (0.4 mM), formate (0.3 mM), butyrate
(0.15 mM), iso-butyrate (0.10 mM), iso-valerate (0.1 mM).
b
Below detection limit (0.15 mM).

Microbial fermentation products and sulfate
Both gut sections contained short-chain fatty acids typical of microbial fermentations,
in particular acetate (Table 1). The concentrations of acetate and succinate were
significantly higher in the midgut than in the hindgut, while lactate and propionate
concentrations did not differ significantly between the two sections. With respect to
the presence and absence of fatty acids, the hemolymph markedly resembled the gut
sections, however, absolute concentrations differed; particularly the acetate
concentration in the hemolymph was significantly lower than in the gut. The
concentration of glucose was by far highest in the midgut, while it was not different
between hindgut and hemoloymph. The concentration of sulfate was 2.9 ± 0.6 mM (n
= 5) in the midgut, which was significantly higher than in the hindgut (0.9 ± 0.3 mM;
n = 5).
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Figure 2: Bacterial 16S rRNA gene T-RFLP profiles obtained from DNA extracts of three
individual Melolontha melolontha larvae and from two food samples (roots with attached
soil). The excised guts were separated into compartments (midguts and hindguts) and each
compartment into two subcompartmental fractions (gut wall and lumen). Prominent peaks
referred to in the text are indicated. MspI was used for restriction digestion.

Microbial diversity in different gut compartments and subfractions
The bacterial diversity in different gut compartments (midgut and hindgut) and
subcompartmental gut fractions (wall and lumen) of three individual larvae and of
two food samples (roots with soil) was analyzed by T-RFLP fingerprinting of 16S
rRNA genes (Fig. 2). While the hindgut profiles consistently displayed a high number
of T-RFs, in the majority of midgut profiles only 1–3 T-RFs were present. Two midgut
profiles displayed just one T-RF (495 bp), which suggested a low diversity. This 495-bp
T-RF was also present in two other midgut profiles, in addition to other T-RFs.
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However, it was absent from the profiles of one larva (Fig. 2), which showed
considerably more T-RF peaks than the other midgut profiles. The apparent low
diversity of bacteria in the majority of midgut samples was surprising since the
bacterial diversity of the investigated food samples was high (Fig. 2). Because the
midgut T-RFLP profiles of the studied larvae varied largely and lacked consistency, we
did not calculate ecological indices here. The hindgut profiles, in contrast, obtained
from three lumen and three wall fractions, displayed similarities. In particular, all
hindgut wall profiles were characterized by a prominent 291-bp T-RF. Based on
Shannon-Wiener indices (2.78 ± 0.02 vs. 2.88 ± 0.10) and evenness values (0.93 ± 0.01
vs. 0.93 ± 0.02), the bacterial diversity of the larval hindgut wall and lumen fractions
was not significantly different. Based on Morisita indices of community similarity, the
investigated hindgut wall profiles had an average similarity of 89 ± 3%, which was
significantly greater than the average similarity of the three hindgut lumen profiles (68
± 1%). Moreover, the similarity among the hindgut profiles, which were obtained
from different individual larvae, was significantly higher than the average similarity
between the hindgut wall and lumen profiles derived from the same individual, which
was 72 ± 5%.

Figure 3: Archaeal 16S rRNA gene TRFLP profiles of DNA extracts
obtained from a complete hindgut of
a Melolontha melolontha larvae and
from a hindgut, which was separated
into gut wall and lumen fractions. AluI
was used for restriction digestion.

In contrast to the bacterial 16S rRNA genes, archaeal 16S rRNA genes could not be
amplified from any midgut sample. Archaeal T-RFLP profiles of total hindguts (n = 3)
as well as wall and lumen fractions uniformly displayed a dominant 67-bp and a
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smaller 167-bp T-RF (Fig. 3), which was identified as a pseudo-T-RF (Egert and
Friedrich, 2003) (not shown).

Discussion
This study represents the first comprehensive report on the physicochemistry and
microbial diversity of the major gut sections of a phytophagous beetle larva. We show
that the gut of Melolontha melolontha larvae is characterized by pronounced axial (pH,
redox potential) and radial (oxygen) gradients, paralleled by distinct differences in the
colonization with microorganisms. The high similarity of bacterial community
composition at the hindgut wall of individual larvae prompted a more detailed
investigation of the microbial community colonizing the hindgut of M. melolontha
larvae, which is reported in the companion paper (Egert et al., 2004).
Physicochemical gut conditions
In contrast to humivorous scarabaeid beetle larvae (Bayon, 1980; Grayson, 1958;
Lemke et al., 2003), pH values along the entire gut of M. melolontha larvae were slightly
alkaline (~pH 8). The high intestinal pH is assumed to be an adaptation to an insect’s
typical diet. In soil-feeding termites, an alkaline extraction of the ingested soil organic
matter facilitates the desorption of organic matter from the soil matrix, decreases its
molecular weight, and thus renders it accessible for digestion in subsequent gut
sections (Kappler and Brune, 1999). In phytophagous lepidopteran and detrivorous
dipteran larvae, high midgut pH values prevent precipitation of digestive enzymes
and/or dietary proteins caused by tannins and/or phenols enriched in their diet
(Felton and Duffey, 1991; Martin et al., 1987). Assuming a diet of plant roots,
probably not particularly rich in phenols or tannins, and not as recalcitrant as soil
organic matter, there is apparently no need for an extreme alkaline pH in the midgut
of M. melolontha. However, altough feeding on a similar diet, the midgut of Costelytra
zealandica larvae have maximum pH values of almost 11 (Biggs and McGregor, 1996).
Here, high pH values might help to extract alkali-soluble polysaccharides rapidly from
the cell walls of white clover roots, which are the preferred food of these larvae and are
substantially degraded during the gut passage (Bauchop and Clarke, 1977; Biggs and
McGregor, 1996).
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All guts were anoxic in their center; at the gut periphery, oxygen penetrated up to
100 µm deep into the lumen, which resembles the conditions in P. ephippiata larvae
(Lemke et al., 2003). In M. melolontha guts, anoxic conditions in the gut center are
probably more attributable to microbial respiration than to chemical oxygen
reduction of the alkaline gut content, which is an important process in the highly
alkaline gut of soil-feeding termites (Kappler and Brune, 1999). Compared to P.
ephippiata (Lemke et al., 2003) and Oryctes nasicornes (Bayon, 1980) larvae, Eh values in
the hindgut paunch of M. melolontha larvae were higher, and remarkably positive
along the midgut, which might be a direct consequence of the lower intestinal pH,
particularly in the midgut, but might be also based on differences in the fermentation
products in the different gut sections.
Short-chain fatty acid and sulfate concentrations
Digestion in (insect) guts involves enzymatic hydrolysis of polymeric substances and
subsequent absorption of soluble products by the host. In insects, the midgut is
generally regarded as the site where host digestive enzymes are secreted and products
of primary hydrolysis are absorbed (Terra and Ferreira, 1994). In scarabaeid beetle
larvae, the densely colonized (see below) hindgut is believed to function as a
fermentation chamber, where microorganisms participate in digestion, e.g. in
hydrolytic breakdown of plant fibers and fermentation of the products of primary
hydrolysis, the products of which are finally absorbed by the host (Bayon, 1980; Bayon
and Mathelin, 1980; Cazemier et al., 1997a, 1997b, 2003; Schlottke, 1945; Werber,
1926).
Thus, the high concentration of glucose in the midgut of M. melolontha larvae most
likely stems from the hydrolysis of plant polysaccharides. In root-feeding Costelytra
zealandica larvae, affiliated with the same family (Melolonthinae) as M. melolontha,
amylase and invertase activity in the midgut have been proven (Bauchop and Clarke,
1975; Biggs and McGregor, 1996). The significant lower glucose concentration in the
hindgut is probably due to microbial fermentations, which is corroborated by high
cell densities in the hindgut and a great diversity of bacterial clones related to
polymer-degrading and fermentative microorganisms (Clostridiales, Bacteroidetes),
reported in the companion study (Egert et al., 2004b). Because of the absence of any
cellulase activity, it has been suggested that C. zealandica larvae cannot utilize
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structural plant polysaccharides (Bauchop and Clarke, 1975). In contrast, based on the
composition of the microbial community in the hindgut (see above), and the presence
of carboxymethylcellulase activity there (Ricou, 1958), M. melolontha larvae might be
able to do so. In general, the observed high concentrations of short-chain fatty acids
are indicative of actively fermenting microorganisms in the gut of M. melolontha
larvae. Acetate was the by-far dominant short-chain fatty acid, particularly in the
midgut (>30 mM), such a situation is also found in C. zealandica larvae (Bauchop and
Clarke, 1975). In other scarabeid beetle larvae, acetate concentrations are considerably
lower and other organic acids (e.g., lactate and propionate) reach similar
concentrations (Bayon, 1980; Bayon and Mathelin, 1980; Cazemier et al., 1997b;
Lemke et al., 2003). Uptake of microbial fermenation products and of glucose by the
larvae is indicated by most of the short-chain fatty acids (and also the glucose) present
in the gut fluids being also found in the hemolymph.
The hindgut concentration of sulfate resembled values determined for woodfeeding termites and a wood-feeding cockroach (Kuhnigk et al., 1996). It is likely that
sulfate originated from the larval food (plant root material, attached soil particles),
however, the sulfur concentration in the larval diet is unknown. Thus, it is unclear
whether the dietary sulfate content is sufficient to explain the intestinal
concentrations. The significant decrease of the sulfate concentrations from midgut (~3
mM) to hindgut (~1 mM) suggests a reduction of sulfate in the hindgut, which is
corroborated by a high abundance of sulfate-reducing bacteria at the larval hindgut
wall, reported in the companion study (Egert et al., 2004b).
Methanogenesis
Similar to other scarabaeid beetle larvae (Bayon, 1980; Hackstein and Stumm, 1994;
Lemke et al., 2003), methanogenesis was restricted to the hindgut of M. melolontha
larvae. Accordingly, no archaeal 16S rRNA genes could be amplified from any midgut
sample, whereas Methanobrevibacter-related sequences were cloned from the hindgut
(Egert et al., 2004b). The methane emission rates of individual larvae [50 nmol CH4 (g
fresh wt. h−1)] were lower than those obtained for most other scarabaeid beetle larvae
(26,34), but similar to those obtained for O. nasicornes larvae (Bayon, 1980).
Interestingly, methane emission could not be shown for C. zealandica (Bauchop and
Clarke, 1975). Isolated hindguts displayed only half the emission rate of living
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animals, a phenomenon that was even more pronouncedly observed with cockroaches,
soil-feeding termites, and P. ephippiata larvae (Lemke et al., 2001, 2003; Schmitt-Wagner
and Brune, 1999). While in cockroaches and soil-feeding termites hydrogen from
adjacent gut regions is thought to drive methanogenesis in the hindgut (Lemke et al.,
2001; Schmitt-Wagner and Brune, 1999), a formate shuttle from the midgut to the
hindgut via the hemolpymph has suggested for P. ephippiata larvae (Lemke et al., 2003).
Both mechanisms probably do not operate in M. melolontha larvae because hydrogen
accumulated only slightly in a restricted midgut region without contact to the
hindgut, and formate was beyond the detection limit in all gut sections and
hemolymph. Moreover, formate did not stimulate methane emission from the
hindgut.
Cell densities and microbial diversity
Intestinal cell densities obtained in this study corroborated values determined for
other scarabaeid beetle larvae and confirmed that the hindgut of these larvae contains
several times more cells than the midgut (Bauchop and Clarke, 1975; Cazemier et al.,
1997a; Lemke et al., 2003). T-RFLP profiles varying greatly in number and abundances
of T-RFs across individuals (which all received the same diet) suggested that the
midgut compartment of M. melolontha larvae does not contain a stable bacterial
population, which, for instance, colonizes the midgut of phytophagous gypsy moth
larvae (Broderick et al., 2004). Highly diverse bacterial T-RFLP profiles derived from
food samples indicated that the larval diet is presumably not the reason for the
extremely reduced diversity (only 1–3 T-RFs) in some midgut samples. Since all
investigated larvae were actively feeding, i.e., obviously healthy, bacteria in the midgut
apparently do not play an important role for their host, except that they might serve
as food, which in turn would explain the reduced diversity in some larvae. Moreover,
the short retention time of food in the midgut (4–8 h in feeding individuals) might
not allow the establishment of a stable bacterial community there, but the longer food
retention time in the hindgut (up to 4 days, (Wildbolz, 1954)), obviously does.
In contrast to the midgut, the hindgut wall fractions were colonized by a diverse
bacterial community, whose composition was highly similar among all investigated
individuals. The average similarity among hindgut wall profiles obtained from three
individual larvae was significantly higher than the average similarity of corresponding
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wall and lumen profiles of the same individuals. Similarly, in soil-feeding Cubitermes
spp. termites, the bacterial communities of homologous gut sections of different
species were more similar to each other than the bacterial communities of different
gut sections in the same species (Schmitt-Wagner et al., 2003). The high similarity of
the bacterial hindgut wall community among different individuals strongly argues for
a particular function of this community. The composition of this community might
be determined by the special morphological and physicochemical conditions
prevailing at the hindgut wall, i.e., the presence of special attachment structures for
microorganisms (tree-like chitin-structures, which are a typical feature of the hindgut
wall of scarabaeid beetle larvae (Hackstein and Stumm, 1994) and an microoxic gut
periphery (this study). A detailed description of the different microbial populations
colonizing the hindgut compartment of M. melolontha larvae is presented in the
companion study (Egert et al., 2004b).
Based on T-RFLP profiles, the archaeal diversity in the hindgut of M. melolontha
larvae was very low, especially when compared to the bacterial T-RFLP profiles of the
M. melolontha hindguts, but also to archaeal T-RFLP profiles of soil-feeding termites
(Friedrich et al., 2001) and P. ephippiata larvae (Egert et al., 2003). The profiles did not
reveal differences between the wall and lumen fractions, which indicated the same
species composition at the hindgut wall and in the lumen.
Conclusions
The digestive tract of phytophagous M. melolontha larvae is characterized by
pronounced axial and radial physicochemical gradients and clear differences in the
microbial community composition of its two major compartments (midgut and
hindgut) and their subcompartmental fractions (wall and lumen). From a
microbiological point of view, microorganisms in the midgut, which lacks a stable
microbial community, are probably not symbiotic, whereas the bacterial community at
the hindgut wall, characterized by a high similarity among individual larvae, appears
to play a vital role in host digestive processes.
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Abstract
The midgut glands (hepatopancreas) of terrestrial isopods are densely colonized by
hitherto uncultivated bacteria. In the case of the Common Woodlouse, Porcellio scaber
(Crustacea: Isopoda), the symbionts represent a novel lineage in the α-subdivision of
Proteobacteria. Based on comparative sequence analysis of their 16S rRNA genes, their
closest (albeit distant) relatives were among the Rickettsiales, which are intracellular
symbionts or pathogens of many animals. Transmission electron microscopy and in
situ hybridization with fluorescently labeled oligonucleotide probes revealed a
homogeneous population of symbionts intimately associated with the endothelium of
the hepatopancreas, which apparently interact with the microvilli of the brush border
by means of a stalk-like cytoplasmic appendage. Based on isolated phylogenetic
position and unique cytological properties, the provisional name 'Candidatus
Hepatincola porcellionum' is proposed to classify this new taxon of Rickettsiales
colonizing the hepatopancreas of P. scaber.
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Introduction
Microbial symbionts of animals account for a prominent fraction of the to-date
uncultured microorganisms (Amann et al., 1995). In certain invertebrates, symbiotic
bacteria seem to play a crucial role in digestion (Breznak and Brune, 1994; Breznak,
2000; Brune and Friedrich, 2000) or provide food or essential nutrients to the host
(Dubilier et al., 1995; Douglas, 1998; Moran and Baumann, 2000), while others appear
to be parasitic (Goebel and Gross, 2001). On the whole, however, the lack of pure
cultures has severely hampered both the identification of symbionts and the analysis
of the nature of the symbiosis. One example are the hitherto uncultivated bacteria
colonizing the hepatopancreas (midgut glands) of terrestrial isopods.
The hepatopancreas of crustaceans functions in both digestion and absorption. In
terrestrial isopods, it consists of several pairs of midgut ceca, which are considered the
main source of digestive enzymes (Hassall and Jennings, 1975; Hames and Hopkin,
1989). Although cuticular filters effectively prevent particles from entering the
hepatopancreatic ceca (Hames and Hopkin, 1989), several authors, using direct
bacterial counts or electron microscopy, have observed a dense microbial colonization
in the midgut glands of various isopods: Porcellio dilatatus (Donadey and Besse 1972),
Porcellio scaber (Hames and Hopkin, 1989; Wood and Griffith 1988; Zimmer and
Topp, 1998a; Zimmer, 1999), Oniscus asellus (Hames and Hopkin, 1989; Wood and
Griffith, 1988; Hopkin and Martin, 1982), and Ligia pallasii (Zimmer et al., 2001).
This has led to the hypothesis that at least some of the digestive enzymes produced in
the midgut glands might be contributed by microbial symbionts (Hames and Hopkin,
1989; Zimmer and Topp, 1998a; Zimmer, 1999; Zimmer and Topp, 1998b).
Unfortunately, all attempts to isolate and further characterize the bacteria colonizing
the midgut glands have been unsuccessful (Wood and Griffith, 1988; Zimmer and
Topp, 1998a). Here, we report on the phylogeny, location, and ultrastructure of the
symbiotic bacteria in the hepatopancreas of Porcellio scaber, the Common Woodlouse,
which are provisionally classified under a Candidatus designation.
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Materials and Methods
Specimens
Porcellio scaber was collected from decaying wood in the botanical garden of the
Christian-Albrechts-Universität (Kiel, Germany) in January 2002. Only adult isopods
of both sexes were used for the experiments.
DNA cloning and phylogenetic analysis
The midgut glands of five individuals were pooled, and total DNA was extracted and
purified using a bead-beating protocol and polyvinylpolypyrrolidone spin-columns
(Friedrich et al., 2001). 16S rRNA genes were amplified with a Bacteria-specific primer
pair (S-D-Bact-0007-a-S-21 and S-D-Bact-1492-a-A-22; Weisburg et al., 1991) and cloned,
grouped by their RFLP patterns, and sequenced. Sequences were aligned and
phylogenetically analyzed using the ARB software package (version 2.5b; O. Strunk
and W. Ludwig, Technische Universität München; http://www.arb-home.de). 16S
rRNA gene sequences were compared to sequences in public databases using BLAST
(Altschul et al., 1997); closely related sequences were retrieved and added to the
alignment. Alignments were always manually corrected. For tree reconstruction, highly
variable regions of the 16S rRNA gene sequences and sequence positions with possible
alignment errors were excluded by using only those positions of the alignment that
were identical in at least 50% of all sequences. Only sequences with more than 1400
nucleotides were used for the alignment. Phylogenetic analysis utilized the maximumlikelihood, maximum-parsimony, and neighbor-joining algorithms as implemented in
ARB.
Denaturing-gradient-gel-electrophoresis
16S rRNA gene fragments (~450 bp) were amplified using primer pairs (S-D-Bact-0515a-S-19 and S-D-Bact-0907-a-A-15 with GC clamp) and separated by DGGE (Henckel et
al., 1999), using a linear denaturing gradient (40–80%), a constant voltage of 65 V for
16 h, and a temperature of 60 ºC.
DAPI staining, whole-cell hybridization, and FISH
The midgut glands of individual isopods were thoroughly homogenized in 500 µl
PBS, and formaldehyde was added to a final concentration of 4% (wt/vol). After
fixation for 14 h at 4 °C, the samples were centrifuged at 10,000 × g for 5 min. Pellets
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were washed three times in PBS, finally resuspended in 250 µl PBS plus 250 µl of
ethanol (97%, vol/vol), and stored at –21°C until analysis.
Samples were filtered onto polycarbonate filters (0.2 µm pore size) and dried at 46
°C for 30 min. DAPI (4',6-diamidino-2-phenylindole) staining and hybridization with
fluorescently labeled oligonucleotides were performed as described (Wagner et al.,
1993), including negative controls with an EUB338 antisense probe to exclude nonspecific probe binding. All probes were synthesized and 5'-labelled with the fluorescent
cyanine dye Cy3 or with 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester by
Thermo Hybaid (http://www.interactiva.de). Samples were covered with Citifluor
(Citifluor Ltd., London) and examined at 1000-fold magnification with a Zeiss
Axiophot epifluorescence microscope using filter sets for DAPI, Cy3, and fluorescein.
Images were recorded with a cooled CCD camera.
For FISH, thin sections (6 µm) of paraffin-embedded midgut glands were prepared
as previously described (Dubilier et al., 1995) and subsequently hybridized with the
fluorescein-labeled group-specific probe ALF1b and the Cy3-labeled clone-specific
probe PsSym120 also as described (Wagner et al., 1993). Hybridizations with probe
EUB338 or the EUB338 antisense probe served as positive and negative controls.
Probe design
The specific oligonucleotide probe PsSym120 (Cy3-5’-AGC CAA ATT CCC ACG
TGT-3’; E. coli position 120–138) was designed using the probe-design function of the
ARB software. It targets a variable region of the 16S rRNA molecule, where the clones
obtained in this study had the same sequence, but where the sequences of all other aProteobacteria in the ARB database had at least four mismatches. Although negative
controls performed with Paracoccus denitrificans gave no hybridization signal even
under low-stringency conditions (0% formamide), probe PsSym120 was routinely used
at high-stringency conditions (20% formamide for double hybridization with ALF1b,
35% for double hybridization with EUB338).
Transmission electron microscopy
Freshly dissected midgut glands were fixed with 3.5% glutaraldehyde in 0.05 M
cacodylate buffer (pH 7.4) for 14 h at 4 °C. After washing with 0.075 M cacodylate
buffer for 30 min, the tissue was postfixed with 1% OsO4 in 0.05 M cacodylate buffer
for 2 h at 4°C. After additional washing for 30 min, the hepatopancreas were
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dehydrated in a graded ethanol series at room temperature and embedded in Agar 100
resin (Agar Scientific Ltd., England). Ultra-thin sections (60 nm) were contrasted with
2.5% uranyl acetate and lead citrate (Reynolds 1963) and analyzed using a Philips CM
10 electron microscope.
Nucleotide sequences
The 16S rRNA gene sequences obtained in this study were deposited with GenBank
under accession numbers AY188585 and AY189806.

Results
The hepatopancreas of P. scaber consists of two pairs of tubular midgut ceca, which
measure approx. 7–10 mm in length and 200–400 µm in diameter in adult animals.
DAPI-stained homogenates of the midgut glands confirmed a dense bacterial
colonization, which ranged from 0.3 × 107 to 6.7 × 107 cells per individual (n = 10).
This corresponds to a cell density of about 2 × 107 cells per mg dry wt., which is
slightly lower than the density of microorganisms in the hepatopancreas previously
reported for other populations of P. scaber (Zimmer and Topp, 1998a). The cells were
rod-shaped (1.5–3.8 µm × 0.5 µm) and moderately to strongly curved (Fig. 1a).

a

b

c

Figure 1a–c: Symbiotic bacteria in a midgut gland homogenate of Porcellio scaber. The three
epifluorescence photomicrographs show the same microscopic field of a preparation a
stained with DAPI and double-hybridized with oligonucleotide probes specific for
b α-Proteobacteria (ALF1b) and c the clones obtained in this study (PsSym120), obtained
with the respective filter sets. Scale bar, 10 µm. The insert in a illustrates the typical shape of
the curved rods. Scale bar insert, 1 µm.

To determine the phylogenetic position of the symbionts, DNA was extracted from
isolated midgut glands, and bacterial 16S rRNA genes were amplified using universal
bacterial primers and cloned in Escherichia coli. Digestion with MspI and AluI
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endonucleases resulted in two clone groups, comprising 11 and 9 clones, respectively,
which differed only slightly in their restriction patterns with each of the two enzymes.
The DNA sequences of randomly chosen clones from each clone group were virtually
identical (99.7% similarity). Comparison with sequences in public databases gave only
low similarities (<81%) to sequences from the a-subclass of Proteobacteria. A detailed
phylogenetic analysis revealed that the clones obtained from the hepatopancreas of P.
scaber represent a novel lineage among the Rickettsiales (Fig. 2). In all phylogenetic
trees, reconstructed by neighbor-joining, maximum-parsimony or maximum-likelihood
methods, the clones formed an early-branching, monophyletic group only distantly
related to Wolbachia spp., which include intracellular symbionts of isopods (Bouchon
et al., 1998; Cordaux et al., 2001), and to other lineages of a-Proteobacteria.
Hyphomicrobium methylovorum*
Pedomicrobium ferrugineum*
Rhodomicrobium vannielii*
Prosthecomicrobium pneumaticum*
Paracoccus denitrificans
Rhodobacter apigmentum
Hyphomonas jannaschiana*
Asticcacaulis excentricus*
Caulobacter fusiformis*
Magnetospirillum magnetotacticum
Wolbachia sp.
Wolbachia sp.
Wolbachia sp.
Anaplasma marginale
Ehrlichia chaffeensis
Ehrlichia risticii
Neorickettsia helminthoeca
Rickettsia prowazekii

Holospora obtusa
Caedibacter caryophila

Clone 1*
Clone 2*

0.10

Figure 2: Phylogenetic tree showing the relationship of the 16S rRNA gene sequences of
clones 1 and 2 obtained from the midgut glands of Porcellio scaber to selected aProteobacteria, inferred by maximum-likelihood analysis of 1343 valid alignment positions.
Stalk-forming representatives are indicated by an asterisk. Selected sequences from other
phyla, including stalk-forming Verrucomicrobia (Prosthecobacter sp.) were used as outgroup.
The scale bar indicates an estimated sequence divergence of 0.1 per nucleotide position.

Denaturing-gradient gel electrophoresis (DGGE) of 16S rRNA gene fragments,
amplified by PCR from the same DNA extracts using Bacteria-specific primers,
resulted in electropherograms that contained only a single band (not shown), which
corroborated a low diversity of 16S rRNA genes among the symbionts. To exclude that
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this homogeneity was due to PCR bias and to confirm that the clones originated from
the symbiotic bacteria in the hepatopancreas of P. scaber, midgut gland homogenates
were subjected to whole-cell hybridization with fluorescently labeled oligonucleotide
probes. In homogenates from 10 different individuals, all DAPI-stained cells (Fig. 1a)
always hybridized with the Bacteria-specific probe (EUB338; Amann et al., 1990; not
shown), a group-specific probe for a-Proteobacteria (ALF1b; Manz et al., 1992; Fig. 1b),
and also a clone-specific probe designed to detect only the sequences of clones 1 and 2
(PsSym120; Fig. 1c), which indicated that the bacterial symbionts in all individuals
tested represent a homogeneous population. To elucidate the exact distribution of the
symbionts, thin sections of the midgut glands were hybridized with the same
oligonucleotide probes as above.

a

b

c

d

e

f

Figure 3a–f: Thin sections of the midgut glands of Porcellio scaber, hybridized with
fluorescently labeled oligonucleotide probes. The photomicrographs show the same
microscopic field of a transverse section (a–c) and a tangential section (d–f), viewed with
phase-contrast (a,d) or epifluorescence microscopy, using filter sets for (b,e) probe ALF1b,
specific for a-Proteobacteria (Manz et al., 1992), and (c,f) probe PsSym120, specific for the
clones obtained in this study. Scale bars: 30 µm (a–c); 10 µm (d–f).

Transverse sections showed that symbiotic bacteria were not spread evenly over the
lumen, but were mostly associated with the wall of the hepatopancreatic ceca, which
consists of a monolayer of endothelial cells (Fig. 3a–c). Tangential sections
substantiated that the bacteria were not located within the cytoplasm, but colonized
the surfaces of the epithelium (Fig. 3d–f).
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a

b

c

Figure 4a–c: Transmission electron micrographs of bacterial symbionts in the midgut glands
of Porcellio scaber showing a their close association with the epithelium, b the frequently
observed insertion of the stalk into the gaps between the microvilli of the brush border, and c
the typical gram-negative cell wall. Scale bars: 1 µm (a); 0.5 µm (b); 0.1 µm (c).

Also the results of transmission electron microscopy supported that the bacterial
symbionts in the hepatopancreas of P. scaber consist of a homogenous population.
Ultra-thin sections of the midgut glands showed apparently uniform prokaryotic cells
that had a cell wall structure typical of gram-negative bacteria (Fig. 4). However, the
cells had two unusual features: a large number of electron-dense inclusions in the
cytoplasm and a stalk-like appendage at one cell pole.
The inclusions had a regular, cylindrical shape (approx. 150 × 60 nm) with rounded
ends and occurred throughout the cytoplasm, but were never observed in the stalks.
The stalks were cytoplasmic protrusions surrounded by a cell wall, had a diameter of
90–100 nm and varied in length (0.7–1.3 µm). The cells appeared to be oriented with
the prosthecate end towards the gland epithelium. In many cases, the stalks were in
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close vicinity of the brush border, often inserted into spaces between the microvilli
(Fig. 4b). It remains to be clarified whether the symbionts are in direct contact with
the microvilli or interact by means of unknown surface structures, e.g., pili,
lipopolysaccharide, or S-layer.

Discussion
The results of this study document that the bacterial symbionts in the hepatopancreas
of P. scaber consist of a homogenous population of a-Proteobacteria, representing a
novel lineage among the Rickettsiales (Fig. 2). The Rickettsiales comprise five major
genogroups,

namely

Rickettsiae,

Ehrlichiae,

Neorickettsiae,

Wolbachiae

and

Holosporae (Fredricks 2001), which contain bacteria living as pathogens, symbionts or
parasites within the cytoplasm or nucleus of eukaryotic cells. In contrast to these
lineages, the bacteria colonizing the hepatopancreatic epithelium of P. scaber are
extracellular symbionts.
Intracellular Rickettsiales of the genus Wolbachia have been found to infect the
reproductive tissues of several isopod species, including P. scaber (Bouchon et al.,
1998). They are involved in cytoplasmic incompatibility and the feminization of
genetic males (Bouchon et al., 1998; Stouthamer et al., 1999). However, they are not
closely related to the symbionts in the midgut glands of P. scaber (Fig. 2).
Also the intracellular bacteria reported to invade the hepatopancreas of P. scaber,
which were initially assigned to the genus Rickettsiella based on morphological
characteristics (Drobne et al., 1999), but later identified as members of the Chlamydiae
(Kostanjsek et al., 2003), bear little resemblance to the bacteria described in this study.
Moreover, the histopathological symptoms associated with the infection were never
observed in the course of this study, and the population of isopods from which
specimens were taken showed none of the symptoms ascribed to the intracellular
pathogens (Drobne et al., 1999) even after six months of maintenance in the
laboratory.
Although an association of microorganisms with the microvilli in the
hepatopancreas of P. scaber has been previously reported (Hames and Hopkin, 1989;
Wood and Griffiths, 1988), the presence of stalks has never been observed. In other
prosthecate bacteria (Poindexter, 1992), stalk formation is either part of a complex life
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cycle including a surface-associated phase, or might facilitate nutrient uptake by
enlarging the surface-to-volume ratio of the cells. At present, we can only speculate on
the function of the prostheca of the symbionts of P. scaber – it is possible that the
stalked cells represent the sessile stage of an actively proliferating population that may
be released into the gut lumen with the digestive fluid, with the surface association
preventing washout of the entire population, or that the prostheca functions in the
exchange of nutrients between symbiont and host.
In this context, it may be important to note that although division stages of
bacteria with inserted stalks were present in P. scaber (unpublished TEM photographs),
cells were not dispersed throughout the hepatopancreatic lumen and were also never
detected in the hindgut lumen receiving digestive fluid from the hepatopancreas.
Adhesion of microorganisms to epithelial surfaces is characteristic for intestinal
habitats and probably the most common type of association between prokaryotes and
animals. Not only does attachment prevent washout caused by the flow of digesta, it is
also prerequisite for molecular cross-talk between symbionts or pathogens and their
hosts and the first step in the invasion of epithelial cells (see, e.g., Klaasen et al., 1992;
Lu and Walker, 2001; McFall-Ngai, 1999; Sansonetti, 2002). Since the gap between the
microvilli of the hepatopancreatic epithelium of P. scaber (50–100 nm) is not big
enough to receive the whole bacteria cell, the stalks of the symbionts may represent
adaptations to this particular habitat.
The discrepancies among previous morphological descriptions of bacteria in the
midgut glands of several isopods (Donadey and Besse, 1972; Hames and Hopkin,
1989; Wood and Griffith, 1988) strongly suggest that different isopod species, and
possibly even different populations, are colonized by different symbionts. Since
marine isopods do not contain microorganisms in their hepatopancreas (Zimmer et
al., 2002), it has been also speculated that acquisition of such symbionts by the marine
ancestors of terrestrial isopods possibly facilitated the nutritional shift from marine
algae to terrestrial detritus (Zimmer et al., 2001;, Zimmer et al., 2002). Apart from
investigating the nature of this peculiar symbiosis, future work also needs to address
interspecific and intraspecific differences among the bacteria colonizing the
hepatopancreas of terrestrial isopods and their possible significance for physiology
and evolution of their host.
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As the symbionts in the hepatopancreas of P. scaber showed a 16S rDNA sequence
similarity to all other members of the a-Proteobacteria of less than 81%, they cannot
be assigned to any recognized taxon with this subclass. Following the recommendation
of Stackebrandt et al. (2002), who encouraged to use the Candidatus concept for wellcharacterized but as-yet uncultured organisms, provisional classification of the
symbionts as 'Candidatus Hepatincola porcellionum' is proposed.
Description of ‘Candidatus Hepatincola porcellionum’
Hepatincola porcellionum (he.pat.in'co.la. Gr. n. hepar liver, L. masc. n. incola
inhabitant, N.L. masc. n. hepatincola liver inhabitant; por.cel.li.o'num. N.L. gen. pl. of
isopods from the genus Porcellio).
The short description is as follows: Moderately to strongly curved rods (1.5–3.8 µm
× 0.5 µm); structure of cell envelope similar to Gram-negative bacteria; thin sections
indicate presence of an outer membrane; forms stalk-like cytoplasmic appendages at
one cell pole; cytoplasm contains numerous electron-dense particles of cylindrical
shape. Basis of assignment: 16S rDNA sequence (accession numbers AY188585 and
AY189806), hybridization with 16S rRNA-targeted oligonucleotide probe (5'-AGC
CAA ATT CCC ACG TGT-3'). Symbiont of Porcellio scaber (Crustacea: Isopoda),
located exclusively in the lumen of the hepatopancreas; so far uncultivated.
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Abstract
Uncultivated bacteria densely colonizing the midgut glands (hepatopancreas) of the
terrestrial isopod Porcellio scaber (Crustacea: Isopoda) were identified by cloning and
sequencing of their 16S rRNA genes. Phylogenetic analysis revealed that the symbionts
represent

a

novel

lineage

among

the

Mollicutes,

only

distantly

related

(< 82% sequence identity) to members of the Mycoplasmatales and Entomoplasmatales.
Fluorescence in situ hybridization with a specific oligonucleotide probe confirmed
that the amplified 16S rRNA gene sequences indeed originated from a homogeneous
population of symbionts intimately associated with the epithelial surface of the
hepatopancreas. The same probe also detected morphotypically identical symbionts in
other crinochete isopods. Scanning and transmission electron microscopy showed
uniform spherical bacterial cells without a cell wall, sometimes interacting with the
microvilli of the brush border by means of stalk-like cytoplasmic appendages, which
also appeared to be involved in cell division through budding. Based on isolated
phylogenetic position and unique cytological properties, the provisional name
'Candidatus Hepatoplasma crinochetorum' is proposed to classify this new taxon of
Mollicutes colonizing the hepatopancreas of P. scaber.
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Introduction
The common woodlouse, Porcellio scaber (Crustacea: Isopoda), is a cosmopolitan
species that feeds mainly on decaying plant material, such as leaf litter, wood, and
grass (Zimmer, 2002), which are rich in recalcitrant structural polymers, such as
cellulose, hemicelluloses, and lignins (Breznak and Brune, 1994). Together with other
terrestrial isopods (Oniscidea), P. scaber is considered to play an important role in
decomposition processes and nutrient recycling (Zimmer, 2002).
The hepatopancreas (digestive glands) of P. scaber, which consists of two pairs of
tubular midgut ceca, functions in the secretion of digestive enzymes and the
absorption of nutrients. The midgut ceca are densely colonized by microorganisms
(Hames and Hopkins, 1989; Wang et al., 2004; Wood and Griffith, 1988; Zimmer,
1999; Zimmer and Topp, 1998a). It has been speculated that hepatopancreatic bacteria,
like the gut symbionts of termites and other soil arthropods feeding on fiber-rich diets
(Breznak and Brune, 1994; Brune, 2003), might be involved in the digestion of leaf
litter, e.g., by producing cellulases or phenol oxidases (Zimmer, 1999; Zimmer at al.,
2002; Zimmer and Topp, 1998a; 1998b).
As for many other bacteria associated with invertebrates, all previous attempts to
isolate and culture the symbionts in vitro have failed, which so far has prevented both
the identification of the symbionts and the analysis of the nature of the symbiotic
association. In a previous report, we showed that the hepatopancreas of P. scaber is
colonized by a novel lineage of rod-shaped, stalk-forming symbionts that fell into the
alpha subclass of Proteobacteria, but were only distantly related to the Rickettsiales
(<81% sequence similarity) (Wang et al., 2004). In the course of a broader survey of the
distribution of such Rickettsia-like symbionts among different populations of P. scaber,
we observed that the hepatopancreas of many specimens instead contained spherical
symbiotic bacteria.
In the present study, we investigated the phylogenetic affiliation, diversity, and
location of the spherical symbionts by cloning and sequencing 16S rRNA genes,
denaturing gradient gel electrophoresis (DGGE), and hybridization with specific
fluorescence-labeled oligonucleotide probes, and described their morphology and
ultrastructure by using scanning and transmission electron microscopy. The results
not only provided novel insights into the origin and diversity of hepatopancreatic
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bacteria, but also shed new light on the evolution of the symbiosis between the
hepatopancreatic symbionts and their host.

MATERIALS AND METHODS
Specimens
Porcellio scaber was collected from decaying wood in the botanical garden of the
Christian-Albrechts-Universität (Kiel, Germany) in August 2002. Only healthy adult
isopods of both sexes were used for the experiments.
16S rRNA gene cloning and sequencing
The midgut glands of five individuals were pooled, and total DNA was extracted and
purified using a bead-beating protocol and polyvinylpolypyrrolidone spin-columns
(Friedrich et al., 2001). 16S rRNA genes were amplified with a Bacteria-specific primer
pair (S-D-Bact-0007-a-S-21 and S-D-Bact-1492-a-A-22) (Weisburg et al., 1991) and cloned
using the pGEM-T vector cloning system, and transferred into competent Escherichia
coli (JM 109) cells according to the instructions of the supplier (Promega). Inserts of
the expected size (approx. 1,500 bp) were amplified by PCR with M13 forward and
M13 reverse primers, and clones were grouped by their restriction patterns obtained
after separate digestion with Msp , Alu , and Rsa

endonucleases (MBI). For

restriction analysis, 18 µl of PCR products, 2 µl of Y+/Tango 10× buffer (MBI), and
0.2 µl (1 unit) of the respective enzyme were added into a sterile tube and incubated at
37°C for 15 h. Plasmids were extracted and purified according to the E.Z.N.A Plasmid
Miniprep Kit 1 instructions (Peqlab), and the inserts were sequenced on both strands
using primers 27F (Edwards et al., 1989), 533F, 907R (Lane et al., 1985; used also
reverse complementary), and 1492R (Weisburg et al., 1991) by GATC (Konstanz,
Germany). Sequences were checked and assembled using DNAStar software
(http://www.dnastar.com).
Phylogenetic analysis
Sequences were aligned and phylogenetically analyzed using the ARB software package
[version 2.5b; O. Strunk and W. Ludwig, Technische Universität München
(http://www.arb-home.de). 16S rRNA gene sequences were compared to sequences in
public databases using BLAST (Altschul et al., 1997); closely related sequences were
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retrieved and added to the alignment of ARB with the Fast Aligner function. These
automatic alignments were verified according to the existing alignments of Mollicutes
and were corrected when necessary. For tree reconstruction, highly variable regions of
the 16S rRNA gene sequences were excluded by using only those positions of the
alignment that were identical in at least 50% of all sequences, resulting in a filter that
yielded 1368 informative nucleotide positions for construction of the phylogenetic
tree. Only sequences with more than 1400 nucleotides were used for the alignment.
Phylogenetic analysis utilized the maximum-likelihood, maximum-parsimony, and
neighbor-joining algorithms as implemented in ARB (Ludwig et al., 2004).
Denaturing Gradient Gel Electrophoresis (DGGE)
16S rRNA gene fragments (~450 bp) were amplified using primer pairs (S-D-Bact-0515a-S-19 and S-D-Bact-0907-a-A-15 with GC clamp) and separated by DGGE (Henckel et
al., 1999), using a linear denaturing gradient (40–65%), a constant voltage of 65 V for
16 h, and a temperature of 60ºC.
DAPI staining and whole-cell hybridization
The midgut glands of individual isopods were thoroughly homogenized in 500 µl
PBS, and formaldehyde was added to a final concentration of 4% (wt/vol). After
fixation for 14 h at 4°C, the samples were centrifuged at 10,000 × g for 5 min. Pellets
were washed three times in PBS, finally resuspended in 250 µl PBS plus 250 µl ethanol
(100%), and stored at –21°C until analysis.
Samples were filtered onto polycarbonate filters (0.2 µm pore size) and dried at
46°C for 30 min. Samples were stained with DAPI (4',6-diamidino-2-phenylindole)
and hybridized with fluorescently labeled oligonucleotides as described by Wagner et
al. (1993); negative controls with an EUB338 antisense probe were used to exclude
non-specific probe binding. All probes were synthesized and 5'-labelled with the
fluorescent cyanine dye Cy3 or with 5(6)-carboxyfluorescein-N-hydroxysuccinimide
ester by Thermo Hybaid (http://www.interactiva.de). Samples were covered with
Citifluor (Citifluor Ltd., London) and examined at 1,000-fold magnification with a
Zeiss Axiophot epifluorescence microscope using filter sets for DAPI, Cy3, and
fluorescein. Images were recorded with a cooled CCD camera (Magnafire, INTAS,
Germany).
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For in situ hybridization, thin sections (6 µm) of paraffin-embedded midgut glands
were prepared as previously described (Dubilier et al., 1995). Samples were hybridized
with the fluorescein-labeled Bacteria-specific probe EUB338 and the Cy3-labeled
group-specific probe PsSym352 as described above; control experiments were included
to exclude non-specific binding.
Probe design
The group-specific oligonucleotide probe PsSym352 (Cy3-5’-GTG AAA AAT TCC
CTA CTG CTG-3’; E. coli position 352–372) was designed using the probe-design
function of the ARB software. The probe matched exactly the target region of the 16S
rRNA molecule of all clones obtained in this study, the Spiroplasma group, and the
Mycoplasma pneumoniae group, but had two or more mismatches to the sequence in all
other bacteria in the RDP database, including the Mycoplasma hominis group (Cole et
al., 1995). The stringency of hybridization was optimized for probe PsSym352 using
hepatopancreatic symbionts as target and Acidithiobacillus ferrooxidans as non-target
reference strain with two mismatches. Formamide concentration in the hybridization
buffer was varied between 0% and 35%, while sodium chloride concentrations in the
post-hybridization buffer was adjusted accordingly (Lathe, 1985). The fluorescence
signal conferred by probe PsSym352 to target cells was stable and similar in intensity
at 0% and 10% of formamide, decreased slightly at 20%, and was almost not
detectable at 30% and 35% of formamide. With non-target cells, there was no signal
even under low-stringency conditions (0% formamide). Therefore, we routinely used
10% formamide for single hybridizations and 20% for double hybridizations with
EUB338.
Electron microscopy
For scanning electron microscopy (SEM), freshly dissected midgut glands were
dehydrated in a series of ethanol, and then subjected to critical-point drying with
CO2. The dried samples were mounted on aluminum stubs with double-sided adhesive
tape. The samples were coated with gold in a sputter coater (SCD 050, Zeiss) and
observed under a LEO 420 scanning electron microscope (LEO Electron Microscopy
Ltd., England).
For transmission electron microscopy (TEM), freshly dissected midgut glands were
immediately fixed in a drop of 3.5% glutaraldehyde in 0.05 M cacodylate buffer (pH
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7.4) for 30 min. To ensure rapid penetration of fixative into the lumen, holes were
punched into the hepatopancreas with a sterile needle. They were then fixed in the
same buffer for 14 h at 4°C. After washing with 0.075 M cacodylate buffer (pH 7.4)
for 30 min, the tissue was postfixed with 1% OsO4 in 0.05 M cacodylate buffer for 2
h at 4°C. After an additional washing for 30 min, the hepatopancreas were dehydrated
in a graded ethanol series at room temperature and embedded in Agar 100 resin (Agar
Scientific Ltd., England). Ultra-thin sections (60 nm) were contrasted with 2.5% uranyl
acetate and lead citrate (Reynolds, 1963) and analyzed using a Philips CM 10 electron
microscope.
Nucleotide sequence accession numbers
Nucleotide sequence accession numbers of the 16S rRNA genes cloned in this study
are AY500249 (Clone 48) and AY500250 (Clone 59).

RESULTS
Density and morphology
DAPI staining and whole-cell hybridization of homogenates with fluorescence-labeled
oligonucleotide probe EUB338 revealed a dense bacterial colonization in each of the
hepatopancreatic ceca of P. scaber, ranging from 2.2 × 106 to 1.4 × 108 cells per animal
(n = 15), and equaling a cell density of about 2 × 106 to 1 × 108 cells per mg dry mass.
The cells had a spherical shape and fell into two size classes with diameters of 0.2–0.3
µm ("small spheres") and 0.5–0.8 µm ("large spheres") (Fig. 1). Most specimens (12 out
of 15) harbored both small and large spheres, whereas a few had either large or small
spheres.
Cloning and sequencing
To identify the hepatopancreatic symbiotic bacteria, DNA was extracted from isolated
midgut glands, and bacterial 16S rRNA genes were amplified using universal bacterial
primers and cloned in E. coli. The screened positive clones digested with MspI, AluI, or
RsaI endonucleases resulted in 2 different RFLP groups, comprising 12 and 6 clones,
respectively, which differed only slightly in their restriction patterns with each of the
three enzymes. Sequencing of a representative clone from each RFLP group yielded
almost-complete 16S rRNA genes (1517 bp for clone 48 and 1515 bp for clone 59)
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with virtually identical sequence (99.8 % similarity), which indicated the presence of
two closely related bacterial lineages within the hepatopancreas of P. scaber.

Figure 1: Symbiotic bacteria in a midgut gland homogenate of Porcellio scaber. The three
epifluorescence photomicrographs show the same microscopic field of a preparation (A)
stained with DAPI, and double-hybridized with oligonucleotide probes specific for (B)
Bacteria (EUB338) and (C) the clones obtained in this study (PsSym352). Hybridization
signals of small sphere-shaped symbiotic bacteria faded rapidly during the exposure. Scale
bar, 2.5 µm.

However, denaturing-gradient gel electrophoresis (DGGE) of 16S rRNA gene
fragments amplified by PCR from hepatopancreatic DNA extracts using Bacteriaspecific primers resulted in electropherograms that contained only a single band,
which had the same position in the gel as that of representative clone 48 (Fig. 2). The
PCR product of the closely related clone 59, representing the second, less-frequent
ribotype in the clone library, had a slightly different melting point; a corresponding
band was not present in the hepatopancreatic sample.
Phylogenetic analysis
BLAST searches gave only low similarities of the hepatopancreatic clones to other
bacteria in public databases, but indicated an affiliation with the bacterial class of
Mollicutes. A detailed phylogenetic analysis based on an extensive dataset comprising
all major taxa of Mollicutes revealed that the clones are a novel lineage, representing a
sister group of the Spiroplasma group and Mycoplasma pneumoniae group (<82%
sequence identity), which contain parasites and pathogens of other animals (Fig. 3).
The early branching point at the base of the Mycoplasmatales was confirmed by all
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phylogenetic analyses, using neighbor-joining, maximum-parsimony or maximumlikelihood algorithms, and was also supported by bootstrap analysis (Fig. 3).

Figure 2: DGGE profiles (negative images) of
PCR amplicons obtained from the DNA
extracted from the hepatopancreas of
Porcellio scaber and from two representative
clones from the clone library.

In situ identification and localization
To exclude the possibility that the apparent homogeneity of the symbiont population
was due to PCR bias and to confirm that the clones truly originated from the
symbiotic bacteria in the hepatopancreas of P. scaber and not from contamination,
midgut gland homogenates were subjected to whole-cell hybridization with
fluorescence-labeled oligonucleotide probes. In homogenates from 15 different
individuals, all DAPI-stained cells (Fig. 1A) hybridized with a Bacteria-specific probe
(Fig. 1B) and with the group-specific probe PsSym352 (Fig. 1C). The weak
hybridization signal of the small spheres bleached rapidly and is difficult to detect on
the image in Fig. 1. Spherical bacterial cells hybridizing with the group-specific probe
PsSym352 were also detected in the hepatopancreatic homogenates of other crinochete
isopods (Alloniscus perconvexus, Philoscia muscorum, Oniscus asellus, Trachelipus rathkii, and
Armadillidium vulgare). Detailed results will be published in the context of a
comparative study on the symbionts in the hepatopancreas of different isopods.
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Figure 3: Phylogenetic tree (16S rRNA gene sequences; maximum-likelihood method)
showing the evolutionary relationship of the hepatopancreatic symbionts of Porcellio scaber
(shown in bold) to the selected species from the main phylogenetic clades among the
Mollicutes (marked with vertical lines). The tree was rooted using Escherichia coli and
Clostridium perfringens as outgroup. Nodes with bootstrap values (DNAPARS, 1,000
replicates) of >99% (●) and >50% (○) are marked. All marked nodes were present also in all
other phylogenetic analyses using maximum-parsimony and neighbor-joining algorithms (not
shown). Bar represents 10 substitutions per 100 nucleotides.

In situ hybridization of thin sections of midgut glands revealed that the symbiotic
bacteria were not spread over the lumen of the hepatopancreatic ceca, but were mostly
associated with the wall, which is formed by a monolayer of endothelial cells (Fig. 4A).
Tangential sections substantiated that the bacteria were not located within the
cytoplasm, but colonized the surfaces of the epithelium (Fig. 4B). The same results
were obtained with thin sections from specimen harboring only small spheres (not
shown), which supports the conclusion that the small spheres and the large spheres
represent a homogeneous population.
Morphology and ultrastructure
Both TEM and SEM revealed an intimate association of the symbionts with the
epithelial surfaces of the hepatopancreas. Every cecum investigated contained a dense
population of bacteria located close to the endothelial cell surface, often occupying
the grooves between the protruding epithelial cells (Fig. 5A and Fig. 6A). Bacterial cells
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were spherical in shape, and large reticulate cells and small cells with dense cytoplasm
could be distinguished (Fig. 5A). No cell wall was visible, and cells were surrounded by
a single unit membrane (Fig. 5B). Flagella were not observed, but the large cells
frequently had stalk-like appendages at one (Fig. 5C,E- and Fig. 6B) or both cell poles
(Fig. 5D). The stalks were cytoplasmic protrusions surrounded by a cell membrane
(Fig. 5C), had a diameter of 50–100 nm, and varied in length (0.3–1.1 µm). In some
cases, the stalks appeared to be involved in budding (Fig. 5F), with the small cells
possibly representing the result of an unequal cell division. Often, stalks were in
contact with the microvillous brush border and inserted into the space between the
microvilli (Fig. 5E).

Figure 4: Thin sections of the midgut glands of Porcellio scaber, hybridized with fluorescently
labelled oligonucleotide probes. The photomicrographs show the same microscopic field of a
transverse section (A–C) and a tangential section (D–F), viewed with phase-contrast (A, D) or
epifluorescence microscopy, using filter sets for (B, E) probe EUB338, specific for Bacteria,
and (C, F) probe PsSym352, a group-specific probe. Scale bars: 100 µm (A–C); 10 µm (D–F).
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DISCUSSION
Phylogeny and evolution of Mycoplasma-like symbionts
Presently, the Mollicutes are considered to consist of five separate phylogenetic clades:
the Asteroleplasma, the Acholeplasma–Anaeroplasma group, the Mycoplasma hominis group,
the Mycoplasma pneumoniae group, and the Spiroplasma group (Ratzin, 2001). All
phylogenetic analyses supported that the hepatopancreatic symbionts of P. scaber
represent a sixth lineage among the Mollicutes.

Figure 5: Transmission electron micrographs of bacterial symbionts in the midgut glands of
Porcellio scaber, showing (A) large and small sphere-shaped cells in close association with the
microvilli; (B) both large and small cells lacking a cell wall and bounded by a single unit
membrane, marked with an arrow (large cell) and an arrowhead (small cell), respectively; (C)
the frequently observed stalk on one cell pole, (D) on both cell poles, and (E) inserted into
the gaps between the microvilli of the brush border; and (F) cell division by budding from the
stalks. Scale bars: 1 µm (A); 0.1 µm (B); 0.2 µm (C–F).

Although Mollicutes are widespread commensals or pathogens of humans,
mammals, reptiles, fish, plants, and also of other arthropods (Ratzin et al., 1998), little
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is known about their occurrence in crustaceans. Apart from a report of a pathogenic
mollicute-like bacterium occurring intracellularly in the hepatopancreatic epithelium
of shrimps (Penaeus vannamei) (Krol et al., 1991), this is the first study demonstrating
the colonization of the hepatopancreatic lumen of a crustacean host by extracellular
Mycoplasma-like symbionts.

Figure 6: Scanning electron micrographs of bacterial symbionts in the midgut glands of
Porcellio scaber, showing (A) uniform spherical cells in close association with the microvilli of
the brush border, and (B) a large sphere with a stalk (marked with a circle) and a small sphere
(marked with an arrow). Scale bars: 1 µm in (A) and (B).

Symbiotic association
Many Mollicutes cause only mild and chronic infections, rarely harming their host
markedly, or even killing it (Ratzin et al., 1998), which is considered indicative of an
evolutionary advancement towards mutualistic symbiosis. Hence, it is conceivable that
also the Mycoplasma-like symbionts of P. scaber are either benign pathogens,
commensals, or mutualistic symbionts. The benefit for the host is difficult to predict,
but the presence of the symbionts might diminish the risk of infection of the
hepatopancreas by more harmful parasitic or pathogenic microorganisms. Thus,
harboring hepatopancreatic symbionts might have enabled isopods to colonize new
habitats and extend their geographic distribution. Previous work, based on antibiotic
treatment and analysis of the activity of cellulases and phenol oxidases, had led to the
hypothesis that symbiotic bacteria in midgut glands might facilitate the digestion of
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terrestrial food sources (leaf litter) (Zimmer, 1999; Zimmer and Topp, 1998a). The
present results render this less likely since there is to date no evidence of degradation
of cellulose among the Mollicutes.
Stalk function
A flask- or club-like cell shape with a protruding tip or bleb structure has been
observed among pathogenic mycoplasms (Kirchhoff et al., 1984; Ratzin, 1985). While
there is evidence that the tip-like structures of Mycoplasma penetrans and M. genitalium
are involved in the invasion of host cells (Jensen et al., 1994; Lo et al., 1993), the
morphologically different stalks of the Mycoplasma-like symbionts of P. scaber seem to
serve merely in the adhesion to the host endothelium. An analogous function has
been proposed also for the stalks of the candidate species 'Hepatincola porcellionum',
a Rickettsia-like symbiont colonizing the hepatopancreas in other populations of P.
scaber (Wang et al., 2004). The occurrence of stalk-like structures that insert between
the microvilli of the epithelial brush border is rather unusual among the bacterial
symbionts of invertebrates, and may be a case of convergent evolution, driven by the
same functional necessities. Whether the latter lies, e.g., in the prevention of a
complete washout of the symbionts into the digestive tract together with the
hepatopancreatic secretions, or in the facilitation of nutrient exchange with the host
epithelium, remains open to speculation and further study.
Small and large spheres
The results of the sequencing analysis document the presence of two closely related
16S rRNA genes in the DNA extracted from the hepatopancreas of P. scaber.
Coincidentally, also two types of bacterial cells − small and large spheres − were
observed to colonize the hepatopancreatic lumen. Both of them hybridized with the
sequence-specific probe PsSym352 ansd possessed the same ultrastructural features. The
probe did not allow to differentiate between the two clone groups, and the fact that
the DGGE analysis showed only a single band may be explained by PCR bias.
However, it is presently not possible to decide whether there are two separate, albeit
closely related lineages of symbionts, or only a single, morphologically variable strain
with two slightly divergent copies of the 16S rRNA gene.
As the symbionts in the hepatopancreas of P. scaber share <82% sequence identity
with the 16S rRNA genes of their closest relatives in the Spiroplasma group and
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Mycoplasma pneumoniae group of the Mollicutes, they cannot be assigned to any
recognized taxon within this class. Following the recommendation of Stackebrandt et
al. (2002), who encouraged use of the Candidatus-concept for well-characterized but asyet uncultured organisms, provisional classification of the symbionts as 'Candidatus
Hepatoplasma crinochetorum' is proposed.
Description of ‘Candidatus Hepatoplasma crinochetorum’
Hepatoplasma crinochetorum (he.pa.to.plas'ma. Gr. n. hepar liver, Gr. neutr. n. plasma
something formed or moulded, N.L. neutr. n. hepatoplasma something from the liver
(hepatopancreas); cri.no.che.to'rum. N.L. gen. pl. of isopods from the taxon
Crinocheta).
The short description is as follows: Spherical cells (diameter 0.5-0.8 µm); without
cell wall and outer membrane; forms stalk-like cytoplasmic appendages at one or two
cell poles that attach to host epithelia or are involved in budding. Basis of assignment:
16S rDNA sequences (accession numbers AY500249 and AY500250), hybridization
with 16S-rRNA-targeted oligonucleotide probe (5'-GTG AAA AAT TCC CTA CTG
CTG-3'). Symbiont of Porcellio scaber and other terrestrial isopods of the taxon
Crinocheta, located exclusively in the lumen of the hepatopancreas; so far uncultivated.
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