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T

ermites and cockroaches play important ecological roles in the
turnover of lignocellulose in terrestrial ecosystems (1). These
roles depend on the well-regulated nutritional relationships that
they have evolved with their gut microbiota over millions of years
(2). Compared to the gut microbiota associated with most other
model insects, such as fruit flies (3) and bees (4), which are dominated by a few bacterial species, those of termites and cockroaches
are considerably more diverse. Previous studies have shown that
the composition of their gut microbiota reflects both the common
evolutionary origin of and the dietary diversity within this group
(5, 6), which makes them excellent models for investigating factors shaping complex gut communities in insects (7).
Comparative analyses of the bacterial gut microbiota of termites and cockroaches have revealed that the influence of host
taxonomy in community composition is overshadowed by that of
host diet (6). A more recent study on higher termites also identified diet as the primary determinant shaping bacterial community
structure (8) and hypothesized that differences in diet impact the
availability of microhabitats to particular bacterial lineages. These
results strongly suggest that the intestinal environment is a strong
driver of microbial community structure in termite guts, but the
validity of this hypothesis still remains to be experimentally tested.
However, termites cannot be raised germ-free because of their
obligate dependence on their gut microbiota. Also their elaborate
social structure makes them intractable as gnotobiotic models because earlier instars must be nourished by nest mates. In comparison, their closest relatives, the noneusocial cockroaches, do not
depend on colony members for nourishment and can be raised in
isolation under axenic conditions (9). Moreover, the physicochemical conditions in cockroach guts (5, 10) are similar to those
of many termites (11, 12), which would offer a surrogate environment at least for those core lineages of gut microbiota that are
shared with termites (5, 6, 13). These characteristics make cockroaches excellent models to experimentally test theories on the
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selective role of the insect gut environment in the assembly of the
intestinal microbial community.
We recently developed a gnotobiotic cockroach model based
on Shelfordella lateralis (9), an omnivorous cockroach from the
family Blattidae, the sister group of the termites (14). Using this
model, we experimentally tested if the cockroach gut habitat could
play an important role in determining gut community structure
by inoculating germ-free individuals of S. lateralis with gut microbiotas from a set of donor organisms that include both close (termites) and distant (mice) relatives of cockroaches. The composition of the resulting foreign gut microbiota (xenomicrobiota)
determined by pyrosequencing of amplified 16S rRNA genes was
compared with that of the microbiota of cockroaches exposed to a
conventional environment.
MATERIALS AND METHODS
Generation of germ-free cockroaches. Shelfordella lateralis was obtained
from a commercial breeder and maintained as previously described (5).
Germ-free cockroaches were obtained using the protocol described by
Tegtmeier et al. (9). Briefly, mature oothecae were washed quickly in 0.1%
sodium dodecylbenzenesulfonate and then sterilized in 2% peracetic acid
solution for 5 min. Following surface sterilization, the oothecae were
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The gut microbiota of termites plays important roles in the symbiotic digestion of lignocellulose. However, the factors shaping
the microbial community structure remain poorly understood. Because termites cannot be raised under axenic conditions, we
established the closely related cockroach Shelfordella lateralis as a germ-free model to study microbial community assembly and
host-microbe interactions. In this study, we determined the composition of the bacterial assemblages in cockroaches inoculated
with the gut microbiota of termites and mice using pyrosequencing analysis of their 16S rRNA genes. Although the composition
of the xenobiotic communities was influenced by the lineages present in the foreign inocula, their structure resembled that of
conventional cockroaches. Bacterial taxa abundant in conventional cockroaches but rare in the foreign inocula, such as Dysgonomonas and Parabacteroides spp., were selectively enriched in the xenobiotic communities. Donor-specific taxa, such as endomicrobia or spirochete lineages restricted to the gut microbiota of termites, however, either were unable to colonize germ-free
cockroaches or formed only small populations. The exposure of xenobiotic cockroaches to conventional adults restored their
normal microbiota, which indicated that autochthonous lineages outcompete foreign ones. Our results provide experimental
proof that the assembly of a complex gut microbiota in insects is deterministic.
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software suite (20) at a confidence cutoff of 80%, using DictDb v. 3.0 as
reference database (13). Genus level lineages were ranked by determining
their cumulative contribution to the principal component analysis of the
gut communities as previously described (6, 21). Additionally, MorisitaHorn distances were calculated for the communities at the genus level and
visualized using nonmetric multidimensional scaling (NMDS) with the
vegan package (22) in the R statistical software suite (23).
Similarities in the phylogenetic structure of the communities were
calculated using the taxonomy-independent weighted UniFrac metric
(24) as implemented in mothur. Pairwise UniFrac distances were calculated for all 34 samples based on a maximum likelihood tree calculated
using FastTree (1,000 sequences per sample [25]) and ordinated by
NMDS.
Phylogenetic analysis of short reads. The OTU representatives in
replicate libraries from each treatment were merged to produce one fasta
file per treatment and imported into the ARB (26) implementation of
DictDb v. 3.0 (13), aligned, and added to the guide tree using the add-byparsimony tool in ARB. OTUs that formed more than 0.5% of the reads in
each of the merged data sets were selected and subjected to phylogenetic
analysis with closely related full-length reference sequences in their respective phylogenetic neighborhoods (maximum likelihood criteria; the
general time-reversible model) using FastTree (25). The relative abundances of each OTU in the merged data sets were annotated as circles
using the APE package (27) written for the R software suite (23).
Accession numbers. The data set for the entire project was submitted
to the NCBI Sequence Read Archive (SRP063974). Accession numbers for
the individual samples are given in Table 1.

RESULTS

Pyrosequencing of amplified 16S rRNA genes of the gut microbiota. We inoculated groups of germ-free cockroaches with gut
microbiota from different donors and characterized the resulting
xenomicrobiota using pyrosequencing of amplified 16S rRNA
genes (Fig. 1A). Per library, 1,504 to 13,376 quality-checked sequence reads were obtained. Classification using DictDb (13) successfully assigned 99% of the reads to defined phyla, but the assignment success decreased with taxonomic depth. Nevertheless,
the classification success typically remained well above 70% down
to the genus level for termites, mice, and both conventional and
xenobiotic cockroaches (for details, see Table S1 in the supplemental material).
Comparison of natural and xenobiotic communities. Distance-based ordinations using Morisita-Horn and weighted UniFrac metrics showed that conventionally raised cockroaches had
considerable similarity in bacterial community structure, irrespective of their age (Fig. 1B and C). The same was true for xenobiotic communities derived from the same donor. However, community structure in xenobiotic cockroaches differed considerably
from that of their respective donors.
The distribution and abundance of bacterial genera in the different samples (Fig. 2) showed several common patterns that explain the overall clustering observed in the ordination analyses.
The normal gut microbiota of conventional cockroaches was
dominated by genus level groups affiliated with the families Lachnospiraceae, Porphyromonadaceae, and Ruminococcaceae. The
most prevalent of these groups was Dysgonomonas, which dominated the communities in all conventionally raised cockroaches.
Genus level lineages in the Alistipes complex (Rikenellaceae) and
Fusobacterium (Fusobacteriaceae), which were reproducibly detected in the gut microbiota of 1-week-old conventional nymphs,
became scarce at 4 weeks after inoculation, which suggested that
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rinsed in sterile water and transferred aseptically to sterile 50-ml polypropylene tubes and incubated at 25°C until hatching.
Germ-free cockroaches were screened for the absence of culturable
microbes by macerating one hatchling from each ootheca and smearing it
on the surface of a nutrient agar plate. Plates were incubated at 25°C for 1
month; in the rare cases where microbial growth was observed, the results
obtained with the respective batch were discarded. Screening of germ-free
hatchlings for unculturable contaminants by 16S rRNA gene amplification (9) yielded nothing but the sequences of a Blattabacterium sp., i.e., the
maternally transmitted obligate endosymbiont found in the fat body of all
cockroaches (15).
Inoculation with foreign gut microbiota. After germ-free hatchlings
were transferred to fresh tubes in batches of five and starved for 1 week,
live specimens of Reticulitermes santonensis (five individuals), Zootermopsis nevadensis (two individuals), or Nasutitermes corniger (five individuals)
or mouse colon content (ca. 300 mg) was added to each tube. All termites
were from laboratory colonies that were maintained on a diet of pine
(Reticulitermes santonensis and Zootermopsis nevadensis) or birch wood
(Nasutitermes corniger [6]). Colon content was from a C57BL/6 mouse
dissected a few hours prior to inoculation.
Termites and colon content were typically consumed within 5 to 15
min. All cockroaches were aseptically transferred to 500-ml glass bottles
containing autoclaved food, which consisted of wheat bran (36% fiber,
15% protein; Spielberger, Brackenheim, Germany) and microcrystalline
cellulose powder (Sigma-Aldrich, Hamburg, Germany) mixed in a oneto-one ratio (by weight). Water was supplied via a 0.2-ml plastic tube
containing a wet paper towel. Cockroaches were maintained for either 1
week or 4 weeks with water and food changed weekly.
Upon sampling, all cockroaches from each batch were dissected, and
the guts of two identically treated batches were pooled and frozen at
⫺20°C. DNA was extracted from each pool (10 guts per treatment) using
a bead-beating protocol, as previously described (16). DNA was also extracted from the guts of 10 termites from the same colonies as those used
for inoculation, from an aliquot of the mouse gut contents, from agematched (1 week, 4 weeks) cockroaches that hatched germ-free but were
raised in a conventional cockroach colony, and from adult cockroaches
from the same colony. All samples were obtained in two replicates.
Conventionalization of xenobiotic cockroaches. Ten nymphs inoculated with the gut microbiota of N. corniger were transferred 1 week after
inoculation to boxes containing 10 conventional adults of S. lateralis that
were kept on the same bran-cellulose diet as the conventional cockroaches
(see above). After 4 weeks, both the nymphs and the adults were dissected,
their guts were pooled and frozen, and DNA was extracted as described
above. The experiment was conducted in two replicates.
Pyrosequencing of 16S rRNA genes. DNA from all samples was amplified using primers 343Fmod (TAC GGG WGG CWG CA) and
784Rmod (GGG TMT CTA ATC CBK TT) targeting the V3-V4 region of
the bacterial 16S rRNA gene (12). Both primers had an additional, sample-specific 6-bp barcode at the 5= end, as described by Köhler et al. (12).
Adaptor ligation, subsequent amplification, and pyrosequencing (454 GS
FLX with Titanium technology; Roche) were done commercially (GATC
Biotech, Constance, Germany).
Pyrotag libraries were processed for quality using the standard operating procedure described by Schloss et al. (17), except that only reads
with a minimum length of 250 bp and an average phred quality score of 35
were selected (using a 5-base sliding window). Quality-checked reads
were sorted into different multifasta files using the sample-specific barcodes contained in the sequences. Following the removal of the barcodes
and primers, the reads from each sample were clustered into operational
taxonomic units (OTUs; 99% sequence identity) using USEARCH (18).
The entire data set was submitted to the NCBI Short Read Archive (see
below).
Analysis of community structure. For the analysis of taxonomic composition, a representative phylotype from each of the OTUs in a sample
was classified with the RDP classifier (19) implemented in the mothur
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TABLE 1 Gut microbiota samples obtained from donors and treated germ-free cockroaches at different times postinoculation and accession
number for each sample in the NCBI Sequence Read Archive
Species

No. of wks postinoculation

Accession no. (a, b)b

Donors
1
2
3
4

Zootermopsis nevadensis (lower termite)
Reticulitermes santonensis (lower termite)
Nasutitermes corniger (higher termite)
Mus musculus (mouse)

—a
—
—
—

SAMN04095828, SAMN02228084
SAMN04095823, SAMN02228089
SAMN04095818, SAMN02228099
SAMN04095810, SAMN04095811

Conventional cockroaches
5
6
7

Nymphs
Nymphs
Young adults

1
4
12

SAMN04095802, SAMN04095803
SAMN04095800, SAMN04095801
SAMN04095804, SAMN04095805

Nymphs
Nymphs

1
4

SAMN04095826, SAMN04095827
SAMN04095824, SAMN04095825

Nymphs
Nymphs

1
4

SAMN04095821, SAMN04095822
SAMN04095819, SAMN04095820

Nymphs
Nymphs

1
4

SAMN04095814, SAMN04095815
SAMN04095812, SAMN04095813

Nymphs
Nymphs

1
4

SAMN04095808, SAMN04095809
SAMN04095806, SAMN04095807

Nymphs from ID 12 exposed to ID 17
Conventional adults

4
—

SAMN04095816, SAMN04095817
SAMN04095798, SAMN04095799

Xenobiotic cockroaches inoculated with
gut microbiota from:
Z. nevadensis
8
9
R. santonensis
10
11
N. corniger
12
13
Mouse
14
15
Challenge expt
16
17
a
b

—, not applicable because the age of the individuals was not determined.
Each inoculation was conducted in replicate (a, b). The entire data set is available also under accession number SRP063974.

these lineages are early colonizers of the gut. However, their relative abundance increased again in conventional adults.
The strongest differences in the distribution of genus level bacterial lineages were observed between xenobiotic cockroaches and
the corresponding donors (Fig. 2). Many donor-specific lineages
that dominated the respective inocula were either absent or scarce
in the corresponding xenomicrobiota (Fig. 2). For example, members of the genus Endomicrobium, which occur as endosymbionts
of gut flagellates in lower termites (28, 29), were abundant in
Zootermopsis nevadensis and Reticulitermes santonensis but not detected in cockroaches inoculated with these donors (Fig. 2). The
same situation was observed with members of Fibrobacteres,
which colonize wood fibers in higher termites of the genus Nasutitermes (30); they were abundant in Nasutitermes corniger but not
detected in the xenobiotic cockroaches inoculated with this donor. Similarly, members of the S24-7 cluster of Bacteroidales,
which predominated in the mouse gut, were not detected in the
mouse-derived xenomicrobiota.
Enrichment of donor-specific bacterial lineages. One of the
most striking features was the preferential enrichment of members of the family Porphyromonadaceae in xenobiotic cockroaches
inoculated with the gut microbiota of lower termites (Fig. 2; see
also Table S2 in the supplemental material). Dysgonomonas (family Porphyromonadaceae) dominated the xenomicrobiota derived
from Z. nevadensis and R. santonensis, both 1 week (43% and 45%
of the respective communities) and 4 weeks (29% and 65% of the
respective communities) after inoculation.
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However, phylogenetic analysis of the short reads classified
as Dysgonomonas in the context of a comprehensive set of fulllength 16S rRNA gene sequences previously obtained from the
intestinal tracts of insects and mammals (DictDb v. 3.0 [13])
revealed that conventional and xenobiotic cockroaches each
harbored distinct operational taxonomic units (OTUs) (Fig.
3A). The major phylotypes in the termite-derived xenomicrobiota clustered with clones from termites, whereas those from
conventionally raised cockroaches clustered with clones from
S. lateralis. However, a few OTUs from conventional cockroaches were found also in the termite-derived xenomicrobiota
(Fig. 3A), which suggested the presence of closely related lineages of Dysgonomonas in phylogenetically distant donors that
cannot be resolved using short reads. This is in agreement with
the presence of almost identical Dysgonomonas phylotypes even
in more distantly related hosts (i.e., in the termite Coptotermes
formosanus and in the beetle Pachnoda ephippiata).
While the xenomicrobiota derived from N. corniger gut microbiota was dominated by members of Streptococcaceae, the xenomicrobiota derived from the mouse gut inoculum showed a predominance of Parabacteroides (Porphyromonadaceae), which
accounted for 61% and 11% of the respective communities 1 week
and 4 weeks after inoculation (Fig. 2). Although Parabacteroides
lineages were present also in conventionally raised cockroaches,
phylogenetic analysis of the short reads again indicated the presence of distinct phylotypes in mouse and cockroach guts (Fig. 3B).
Those from the mouse gut were most closely related to Parabac-
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FIG 1 Inoculation of germ-free cockroaches with foreign gut microbiota (A) and nonmetric multidimensional scaling analysis of community structure using
Morisita-Horn (B) and Weighted UniFrac (C) metrics. The color code indicates the communities of donors (saturated colors) and xenobiotic cockroaches
(lighter colors); orange dots with black borders in panels B and C represent xenobiotic cockroaches inoculated with Nasutitermes corniger gut microbiota (pink
dots) and then 1 week later exposed to conventional adults (yellow dots with orange borders) for 4 weeks (connected by a dotted line). For additional sample
information, see Table 1.

teroides johnsonii and clustered with clones from mammalian guts,
while those from the cockroach gut clustered with clones from S.
lateralis.
Conventionalization of xenobiotic cockroaches. When xenobiotic cockroaches inoculated with the gut microbiota of N.
corniger were removed from their axenic conditions and challenged by exposure to conventional adults for 6 weeks, they acquired a gut microbiota that clustered tightly with that of conventional cockroaches in both ordination analyses (Fig. 1). The
taxonomic classification indicated that this shift was caused
mostly by the loss of Streptococcaceae and the gain of several
bacterial lineages that were typical of conventional cock-
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roaches, such as members of the genera Bacteroides, Parabacteroides, Dysgonomonas, and Fusobacterium and those of the Alistipes complex. Notably, the uptake of cockroach-specific
phylotypes was not limited to bacterial taxa that are characteristically abundant in cockroaches but also included rare members of the community, such as the members of the “insect
cluster” of Fibrobacteres (Fig. 2). Although the sequences representing this cluster obtained from the conventionalized
roaches could not be classified beyond the class level because of
the confidence threshold employed by the RDP classifier, the
phylogenetic neighborhood of the phylotypes confirmed them
to be members of cockroach cluster IIb (Fig. 3C).
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FIG 2 Distribution and relative abundance of important genus level and family level taxa in the gut microbiota of donor organisms and cockroaches (Conv.,
conventional; Chal., xenobiotic nymphs challenged with conventional adults). The numbers indicated above the heatmap correspond to the samples in Table 1;
results of replicate samples (a, b) are always next to each other. For additional sample information, see Table 1.

DISCUSSION

Our study demonstrates that the cockroach gut habitat preferentially
selects particular bacterial lineages from the gut microbiota of a phylogenetically diverse range of hosts. The assembly of these xenobiotic
communities is deterministic, and certain bacterial lineages, irrespective of their origin, colonize the gut habitat more successfully than
others. These results extend the findings of Seedorf and colleagues
(31), who observed a similar influence of the gut environment on the
selection of bacterial lineages in mice, and show that the guts of insects
can be as selective as those of mammals and that community assembly is governed by similar “rules.”
Fundamental and realized niches. Although the bacterial
lineages in each inoculum in principle have equal opportunities to colonize the germ-free gut, our results show that only a
subset of the available lineages successfully establish in this
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environment. Closely related bacterial lineages that colonize
the guts of both cockroaches and termites (5, 6) can do so
because they have the similar fundamental niches, i.e., similar
ranges of environmental conditions conducive to their colonization without the influence of interspecific interactions (32).
However, the relative abundance of these “core” lineages
would depend on its “realized” niche (32), i.e., the fraction of
the fundamental niche that it occupies in the presence of interactions with other organisms.
The best example illustrating the concept of the realized niche
are members of the genus Dysgonomonas, which are able to colonize the guts of both termites and cockroaches, which in turn
indicates that the fundamental niches of these opportunistic bacteria must be similar. However, members of this genus are considerably more abundant among the normal gut microbiota of S.
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0.2
FIG 3 Phylogenetic analysis of representative sequences of the genera Dysgonomonas (A), Parabacteroides (B), and Fibrobacteres (C) obtained from xenobiotic
cockroaches and the respective donors. The circle size indicates the relative abundance of each OTU in the respective library; the color code is the same as
described for Fig. 1.

lateralis and other cockroaches than in most termites (5, 6, 33; this
study), and they are preferentially enriched only in the xenomicrobiota of all cockroaches inoculated with the gut microbiota of
lower termites but not with that of the higher termite N. corniger,
although they are present (but not abundant) in the inoculum.
Apparently, the realized niche of Dysgonomonas species in the guts
of termites and xenobiotic cockroaches is modulated by the inter-
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action with other populations, which can exclude poor competitors even if their fundamental niches overlap. The same argument
would explain the dominance of Parabacteroides species in
mouse-derived xenobiotic cockroaches; these species are extremely rare members of the gut microbiota of the donor.
Habitat specificity. It is important to consider that the niche,
whether fundamental or realized, is a property of the organism
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core families or even core genera represented in the microbiota of
normal cockroaches (5, 6, 33).
In order to test if autochthonous bacterial lineages encountered in
the natural gut microbiota preferentially colonize the gut of S. lateralis, we exposed cockroaches harboring a xenomicrobiota to
cockroaches with a normal gut microbiota. The results clearly
show that cockroach-specific lineages are more competitive in
their natural habitat than their foreign relatives, which suggests
that autochthonous bacterial lineages have an advantage in colonizing the cockroach gut. A similar phenomenon has been reported also for the bee gut, where a host-specific strain of
Snodgrassella alvi proved to be more competitive than foreign ones
(41). In addition to having a competitive advantage as individual
bacterial lineages, the autochthonous microbiota may have a combined competitive advantage together over the foreign microbiota.
Conclusion. This study uses germ-free cockroaches to clearly
demonstrate that the assembly of complex gut microbiota in insects
can be both predictable and deterministic. While previous analyses of
the normal gut microbiota of cockroaches already suggested that the
cockroach gut habitat preferentially selects specific bacterial lineages
from the environment (10, 33), our study shows, however, that if a
preferred lineage is absent from the inoculum, the gut habitat selects
other lineages with similar fundamental niches.
In contrast to what occurs in the eusocial termites, where the
entire gut community may be transmitted through the exchange
of droplets of hindgut fluid between colony mates (proctodeal
trophallaxis), the gut microbiota of cockroaches is most likely
assembled through environmental inoculation (see reference 7).
However, our results clearly demonstrated that this process is not
entirely stochastic and that the cockroach gut is far from being an
environment that indiscriminately accepts bacterial lineages from
the environment. Rather, the gut environment preferentially selects lineages that are specifically adapted to this habitat. The
germ-free cockroach model will help provide a better mechanistic
understanding of the role played by the cockroach host in determining the structure of its complex gut communities.
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