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war ein deutlicher Umsatz von vermutlich aus in der Blattstreu enthaltenen Xylans freigesetzter 
Xylose messbar. Meine Ergebnisse lassen darauf schließen, dass Blattstreu fressende Schaben 
statt Zellulose eher leichter verfügbare Bestandteile, unter anderem Hemizellulosen 
(z. B. Xylan), verdauen. 
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Most studies of bacterial diversity in the guts of termites and cockroaches have employed 
traditional capillary dideoxy (Sanger) sequencing of cloned 16S rRNA gene amplicons. They 
provided a wealth of information on the diversity of the gut microbiota and identified numerous 
novel lineages that are specific for this habitat (e.g., Elusimicrobia (Herlemann, Geissinger and 
Brune, 2007), Fibrobacteres subphylum 2 (Hongoh, Deevong, et al., 2006), termite gut 
spirochetes (Lilburn, Schmidt and Breznak, 1999; Ohkuma, Iida and Kudo, 1999), and Termite 
Group 3 (Hongoh, Deevong, et al., 2006)). However, cost and effort involved in this approach 
limit the number of host taxa that can be included in an analysis and the depth to which each 
community can be sampled.  
The development of next-generation sequencing technologies allowed efficient and 
economical sequencing of multiple 16S rRNA gene libraries with sufficient sampling depth to 
compare the bacterial communities across a wide host range (Sogin et al., 2006; Degnan and 
Ochman, 2012). However, the relatively short length of the sequence reads generated by the 
most commonly employed Roche 454 and Illumina/Solexa platforms (Van_Dijk et al., 2014) 
limits the amount of information available for phylogenetic analysis. Therefore, it has become 
common practice to infer the structure and taxonomic composition of microbial communities 
by assigning the reads using a pre-defined classification scheme and the Naïve Bayesian 
Classifier (Wang et al., 2007) developed by the Ribosomal Database Project (RDP), which has 
been implemented in popular workbenches for community analysis (Schloss et al., 2009; 
Caporaso et al., 2010). Obviously, the quality of such a classification depends strongly on the 
composition of the reference database and the depth and resolution of its taxonomic framework. 
The reference taxonomies most commonly used for the classification of short reads are 
provided by the Silva (Yilmaz et al., 2014) and RDP (Cole et al., 2014) databases, which extend 
the taxonomic outline for cultured organisms (Garrity, Bell and Lilburn, 2004) by including 
also phylogenetically coherent groups without cultured representatives.  
However, general-purpose reference databases have serious shortcomings when it comes to 
studying microbial diversity in insect guts (Newton and Roeselers, 2012), particularly in 
termites and cockroaches (Köhler et al., 2012; Werner et al., 2012). One shortcoming is the 
frequent lack of taxonomic depth in the classification schemes, i.e., the absence of 
circumscribed taxa particularly at lower taxonomic levels. This is symptomatic for bacterial 
lineages that are endemic to termites and only rarely encountered in other environments, such 
as Fibrobacteres or the TG3 phylum (Hongoh, Deevong, et al., 2006; Dietrich, Köhler and 
Brune, 2014). Another problem is a lack of taxonomic resolution in many genus-level 
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complexes, which comprise highly divergent 16S rRNA gene sequences that are lumped into 
inflated taxa (e.g., Treponema (Lilburn, Schmidt and Breznak, 1999; Breznak, 2002)) that may 
even be polyphyletic (e.g., Ruminococcus (Ezaki, Li and Kawamura, 2006)). Finally, a lack of 
representative bacterial phylotypes from insect guts in general-purpose reference databases 
seriously affects the taxonomic assignment of short reads using the RDP classifier (Newton 
and Roeselers, 2012; Werner et al., 2012). 
To overcome the challenges, we constructed a customized rRNA reference database for an 
accurate taxonomic analysis of the gut microbiota of termites and cockroaches. The 
Dictyopteran gut microbiota reference Database (DictDb) is based on the skeleton structure of 
the Silva database (Yilmaz et al., 2014) and on the collation of published rRNA sequences 
obtained from termites and cockroaches and rigorous phylogenetic curation of the existing 
taxonomic framework. Initial, so far undocumented versions of DictDb were successfully used 
to improve the analysis of bacterial communities in termite guts (version 1.0; (Köhler et al., 
2012; Reid et al., 2014)) and subsequently both in termites and cockroaches (versions 2.3 and 
2.4; (Thompson et al., 2012; Huang et al., 2013; Dietrich, Köhler and Brune, 2014; Mikaelyan 
et al., 2014; Otani et al., 2014; Schauer, Thompson and Brune, 2014)).  
Here, we document for the first time the general architecture of DictDb and present the latest 
version (DictDb v. 3.0). This substantially expanded version includes more than 1000 novel 
phylotypes that were obtained from 11 host species in the context of this study. They represent 
severely under-sampled host groups among cockroaches (Blaberidae, Polyphagidae), lower 
termites (Mastotermitidae, Kalotermitidae), and higher termites (Termitidae), including 
representatives with fundamentally different diets. An improved taxonomic framework based 
on thorough phylogenetic analyses provided an unprecedented depth and resolution in termite-
specific taxa, particularly among Fibrobacteres and candidate phylum TG3, and hitherto 
unresolved taxonomic complexes, such as the genera Treponema and Alistipes. The 
performance of the taxonomic framework of DictDb in the genus-level classification of deep-
sequenced rRNA gene libraries of bacterial communities in termites and cockroaches is 
compared to that of the SILVA and RDP reference databases.  
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et al., 2012; Bauer et al., 2015). These subtrees generated in these analyses were incorporated 
into the original guide tree provided with the Silva database, and formed the basis of the 
phylogenetic taxonomy of DictDb. The entire database and the flat files required by the RDP 
classifier are provided in the supplementary material (Files S1 and S2).  
 

Improvements to the taxonomic framework impacted taxonomic depth and resolution of the 
reference database particularly at the family and genus levels (Fig. 2). We found that the 
proportion of sequences from termites and cockroaches that were contained in designated taxa 
were higher in DictDb than in the original Silva database, particularly at the genus level, and 
were much higher than in the commonly used RDP database (Fig. 2A). Also in terms of 
taxonomic resolution, DictDb provided a considerably larger number of taxa containing 
termite- and cockroach-derived sequences than the two other databases, at both the genus and 
family level (Fig. 2B). 

Figure 2.1 | Relative abundance of major genus-level bacterial lineages in clone libraries from cockroaches and lower and higher termites obtained in this and selected previous studies. Clone library numbers shown in bold indicate datasets that were obtained in the present study. For species names and other details, see Table 2.1. 
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The consequence of the improved classification becomes apparent in a comparison of the 
classification results obtained for the three test communities with the three reference databases 
(Fig.S5). Both the number of genus-level taxa in the three test communities and the 
compositional overlap between these communities increases from RDP to Silva to DictDb, 
underlining that the number of taxa shared is severely underestimated when commonly used 
databases are applied to the intestinal communities of termites and cockroaches. Moreover, 
even some of the few shared taxa identified by Silva and RDP were due to misclassifications. 
For example, classification using the Silva database identified the genus Treponema as a core 
taxon present in all three datasets, whereas manual addition of the short reads in the 
Shelfordella dataset to the guidetree of Silva placed the sequences into the radiation of the 
genus Spirochaeta. However, when DictDb was used as reference database, the short reads 

Figure 2.6 | (A) Classification success and (B) number of taxa identified in amplicon sequencing datasets of bacterial gut microbiota of selected dictyopteran species using the RDP classifier with DictDb, Silva, or RDP as reference database. 
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Nyctotherus (Lynn and Wright, 2013), which is commonly encountered also in omnivorous 
cockroach species (Gijzen et al., 1991; Hackstein, 1997).  
Also the importance of the endoglucanases secreted in the salivary glands of panesthia 
cockroaches (Scrivener, Slaytor and Rose, 1989; Maekawa, Matsumoto and Nalepa, 2008) in 
the digestive process is not firmly established (Martin, Jones and Bernays, 1991; Slaytor, 
1992). Although the activity in Panesthia cribrata would suffice to explain the respiratory 
demand of the insect (Scrivener and Slaytor, 1994), it is entirely unclear to which extent the 
ingested wood is degraded by microbial symbionts in the hindgut and how much of the 
nutritional requirement is derived from other food components, e.g. the biomass of fungi and 
bacteria colonizing the ingested wood. It has been reported that hindgut content of P. cribrata 
contains hardly any cellulolytic activity (Scrivener, Slaytor and Rose, 1989), but studies on 
higher termites revealed that a substantial proportion of the cellulolytic activity in the hindgut 
is contributed by fiber-associated bacteria and can be detected only after solubilization of the 
enzymes with detergents (Tokuda, Lo and Watanabe, 2005; Mikaelyan et al., 2014). Although 
recent studies have revealed the presence of many termite-specific bacterial lineages in 
omnivorous cockroaches (Schauer, Thompson and Brune, 2012; Dietrich, Köhler and Brune, 
2014), it remains open whether any of the lineages implicated in fiber digestion occur in wood-
feeding cockroaches.  
Most knowledge of the bacterial gut microbiota of cockroaches is based on cultivation-
dependent approaches, which are severely biased when compared to sequence-based methods 
(Schauer, Thompson and Brune, 2012). The application of high-throughput sequencing 
techniques removed also the undersampling problem inherent to highly diverse habitats and 
revealed the full extent of the bacterial diversity in cockroach guts (Schauer, Thompson and 
Brune, 2012; Dietrich, Köhler and Brune, 2014; Sabree and Moran, 2014), including the 
presence of a core microbiota in individuals of the same species (Schauer, Thompson and 
Brune, 2014). However, detailed information on bacterial diversity and community structure 
in xylophagous Panesthiinae is still lacking.  
In this study, we investigated the bacterial microbiota in different gut compartments of the 
wood-feeding Panesthiinae species Panesthia angustipennis and Salganea esakii. The archaeal 
microbiota of these species has already been studied by other authors (van Hoek et al., 2000; 
Hara et al., 2002). The effect of hydrogen produced by the bacteria on methanogenesis was 
evaluated by monitoring methane emissions in vivo. Since physicochemical conditions, 
fermentation products and microbial cell densities differ significantly between the gut 
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Figure 3.3 | Phylum-level affiliation of bacterial 16S rRNA genes amplified from the different gut compartments of P. angustipennis and S. esakii, as determined by pyrotag sequencing. Values are means of results obtained independently from two individuals of each species, except for the crop, where one individual was sampled per species. 
Classification of the pyrotag reads with the reference database used in a previous study (Köhler 
et al., 2012) gave poor results at the lower taxonomic levels (family and below; details not 
shown). Inclusion of the sequences from the hindgut clone libraries obtained in this study (see 
below) and a study by Dietrich et al. (2014) considerably improved the classification success 
(Table 3.3; Dietrich, Köhler and Brune 2014). Nevertheless, a substantial fraction of reads 
remained unclassified, particularly in crop samples of both species, which indicated the 
presence of additional genus-level groups. 
Table 3.3 | Classification success of pyrotag reads at different taxonomic levels. Values are reported as the fraction (%) of classified sequences in crop, midgut, and hindgut of P. angustipennis and S. esakii. 

Table 3.2 | Gut weight and microbial cell density in gut compartments of P. angustipennis. Values are means ± standard deviation (n = 3). 
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The majority of bacterial lineages showed specificity for certain gut compartments. Almost all 
Bacteroidetes lineages were most abundant in the hindgut, with the exception of 
Chitinophagaceae, which also formed substantial populations in the crop (Figure 3.4). In 
addition, there were obvious differences in the abundance of specific bacterial lineages in the 
two host species. For instance, Lactococcus spp. were highly abundant in the crop and midgut 
of P. angustipennis but absent in S. esakii, while Lactovum spp. were abundant in the crop and 
midgut of S. esakii, but lacking in P. angustipennis. Also, members of the genus Alistipes and 
two clusters of Enterobacteriales were more abundant in P. angustipennis than in S. esakii, but 
the latter only in the crop.  

Figure 3.4 | Relative abundance of the most important bacterial taxa in the different gut compartments of Panesthia angustipennis (Pa) and Salganea esakii (Se). Midgut and hindgut samples were obtained independently from two individuals of each species (M1, M2 and H1, H2). Taxa that represent less than 2.5% of the reads in the entire dataset were omitted (see Table S1, Supporting Information). The dendrogram at the bottom of the figure shows the results of a hierarchical cluster analysis based on the UniFrac metric. Confidence levels of nodes are given as approximately unbiased (AU) P-values. 
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Figure 3.5 | Phylogenetic tree illustrating the position of the Bacteroidetes-related 16S rRNA gene sequences from P. angustipennis and S. esakii relative to other members of the Bacteroidetes. The maximum-likelihood tree was reconstructed using phyML algorithm. Sequences from this study are in bold. Scale bar indicates rate of substitution per site; closed and open circles represent bootstraps >90 and >70%, respectively (bootstrap analysis, 1000 repetitions). 
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Figure 3.6 | Phylogenetic tree illustrating the position of the Lachnospiraceae-related 16S rRNA gene sequences from P. angustipennis and S. esakii relative to other members of the Lachnospiraceae. The maximum-likelihood tree was reconstructed using phyML algorithm. Sequences from this study are in bold. Scale bar indicates rate of substitution per site; closed and open circles represent bootstraps >90 and >70%, respectively (bootstrap analysis, 1000 repetitions). 
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Figure 3.7 | Phylogenetic tree illustrating the position of the Proteobacteria-related 16S rRNA gene sequences from P. angustipennis and S. esakii relative to other members of the Proteobacteria. The maximum-likelihood tree was reconstructed using phyML algorithm. Sequences from this study are in bold. Scale bar indicates rate of substitution per site; closed and open circles represent bootstraps >90 and >70%, respectively (bootstrap analysis, 1000 repetitions). 
In the case of Proteobacteria, most of the clones were closely related to Desulfovibrio spp. 
obtained from the intestinal tract of termites and cockroaches (Figure 3.7). Others fell into 
Enterobacteriaceae, Rhodospirillaceae and the candidate family B38, with clones from insect 
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(Scrivener, Slaytor and Rose, 1989), they lack the cellulolytic flagellates characteristic of the 
hindgut of lower termites (Ohkuma and Brune, 2011; Brune, 2014). In higher termites, which 
lost all gut flagellates, a community of fiber-associated bacteria apparently took over the niche 
vacated by the flagellates (Mikaelyan et al., 2014). Since also the hindgut of cockroaches is 
enlarged and a site of high microbial activity (Schauer, Thompson and Brune 2012; this study), 
it is possible that also the bacterial microbiota of panesthiines is involved in fiber digestion.  
The results of our study document that the wood fiber-associated bacterial lineages in wood-
feeding Nasutitermes spp. that are also represented in other wood-feeding Termitinae (Hongoh, 
Deevong, et al., 2006; Warnecke et al., 2007; He et al., 2013; Dietrich, Köhler and Brune, 
2014) are absent or not very abundant in panesthiine cockroaches. However, it is possible that 
the diverse members of Clostridiales and Bacteroidetes present in P. angustipennis and S. 
esakii comprise lineages with fiber-digesting capacities. Such speculations are nourished by 
the predominance of these phyla also in dung-feeding and humus-feeding Termitinae (Dietrich, 
Köhler and Brune, 2014) and the differences in the spectrum of carbohydrate-active enzymes 
in the metagenomes of Nasutitermes and Amitermes spp. (Warnecke et al., 2007; He et al., 
2013). Particularly, the increased abundance of genes related to hemicellulose digestion and 
clostridial cellulosomes suggest that the fiber-digesting strategies may differ also among higher 
termites. Therefore, it is possible that also the Ruminococcaceae and Lachnospiraceae in the 
hindgut microbiota in wood-feeding (and also omnivorous) cockroaches possess enzymes 
acting on structural polysaccharides of wood and other cellulosic substrates. 
Overall, the similarities in the bacterial hindgut microbiota of the two wood-feeding 
panesthiines to that of omnivorous cockroaches and fungus-cultivating termites suggest that 
the structure of the intestinal community is not shaped by vertical inheritance of the individual 
lineages but by a selection of lineages with an ecological amplitude that matches the conditions 
in the respective microenvironments. This is in agreement with the observation that the hindgut 
microbiota of omnivorous cockroaches comprises numerous core taxa at family level but only 
very few shared phylotypes, even between individuals from the same batch (Schauer, 
Thompson and Brune, 2012), and would also explain similarities of the microbiota in 
homologous gut compartments of P. angustipennis and S. esakii. It is likely that at least in 
cockroaches, selection by the host environment plays a more important role in shaping the 
intestinal communities than vertical transmission of particular bacterial lineages. 























 

76  

 
 

  







Chapter 4 

 79 

While host diet has been identified as the primary determinant of bacterial community structure 
in the intestinal tract of higher termites (Mikaelyan, Dietrich, et al., 2015), conclusive data 
from cockroaches is still lacking. In the omnivorous cockroach Blattella germanica, diets of 
different protein content lead to significant changes in community structure and composition 
(Perez-Cobas et al., 2015), however, the core gut microbiota in Periplaneta americana has 
been shown to be resilient to dietary changes (Tinker and Ottesen, 2016). Likewise, in the 
omnivorous Shelfordella lateralis, potential effects of high-protein and high-fiber diets were 
masked by individual variation (Schauer, Thompson and Brune, 2014). A comparison of 
cockroaches and termites from different feeding groups revealed that the bacterial hindgut 
communities in wood-dwelling Panesthiinae differ slightly from those of omnivorous 
cockroaches (Dietrich, Köhler and Brune, 2014). However, taxon sampling was insufficient 
and testing the effect of host diet on hindgut community structure in cockroaches still requires 
to include additional host species that represent different feeding groups. 
To determine the factors shaping bacterial community structure and composition in 
cockroaches, we characterized the bacterial gut microbiota of three cockroach species fed on 
leaf litter, Byrsotria sp., Pycnoscelus surinamensis (both Blaberidae), and Ergaula capucina 
(Corydiidae) using deep-sequencing, and compared them to previously published datasets from 
other diet groups. We taxonomically analyzed the communities using a phylogenetically 
curated reference database (DictDb), tailor-made for the accurate identification of bacterial 
lineages specific to termite and cockroach guts (Mikaelyan, Köhler, et al., 2015). To test the 
influence of microhabitats on the bacterial community in the guts of these cockroaches, we 
determined intestinal pH, redox potential, oxygen, and hydrogen partial pressure with 
microsensors. Here, we hypothesize that the physicochemical environment in each gut 
compartment defines a distinct microhabitat that selects for a compartment-specific bacterial 
community. In order to determine if host diet drives bacterial community structure in 
cockroaches, we compared the core bacterial families in cockroaches with a lignocellulosic 
diet to those in omnivorous cockroaches and xylophagous higher termites. Within the 
cockroach species on a lignocellulosic diet, we identified those bacterial families that 
comprised the core communities of homologous gut compartments. 
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hindgut harbored mainly bacteria belonging Bacteroidaceae, Porphyromonadaceae, and 
Lachnospiraceae, many of which remained unclassified at the genus level. Pycnoscelus 
surinamensis presented an exception to this trend, where individual bacterial lineages like 

Castellaniella and Pseudomonas in the crop, uncultured Spirochaetaceae in the midgut, and 
uncultured Rhodocyclaceae in the hindgut made up a major part of the bacterial community.  
Canonical correspondence analysis (CCA) between bacterial community structure and 
environmental variables such as physicochemical conditions, compartment, and host species, 
constrained 92.4% of the variance in bacterial community structure, and revealed the variables 
with the highest impact (Figure 4.4). Intestinal pH and the hindgut compartment both 
corresponded significantly with changes in gut community composition (Table S2).  Several 
bacterial lineages, most notably Ruminococcaceae, Rikenellaceae, and Porphyromonadaceae, 
were typically associated with the hindgut compartment, high pH, and low hydrogen partial 
pressure. Contrastingly, lineages like Lactobacillaceae and Enterobacteriaceae corresponded 

Figure 4.3 | Heat map of the 30 most abundant genus-level groups in the crop (white), midgut (grey), and hindgut (black) of Ergaula capucina (Ec), Byrsotria fumigata (Bf), and Pycnoscelus surinamensis (Ps) fed on oak leaf litter. Phylogram indicates hierarchical cluster analysis of all classified reads (hclust, euclidian distances). 
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with lower pH and higher hydrogen partial pressure. The crop and midgut of P. surinamensis 
presented outliers to the other samples, partially due to high redox potential in these samples.  

Core bacterial families were identified for each of the three homologous gut compartments of 
the five lignocellulose-feeding cockroaches. We found a strong similarity between the 
communities from the hindgut compartments of different species, and little similarity between 
those from different gut compartments of the same species (Figure 4.5). However, the 
communities from Pycnoscelus surinamensis deviated sharply from this trend, showing only 
little similarity to those of any other cockroach. The average contribution of the core families 
to the overall abundance increased from crop to midgut and hindgut (37, 66, and 81% of the 
bacterial community, respectively). In the hindgut, the 18 core bacterial families (Tab. S3) 
accounted for 64 - 93% of the bacterial community. This was mostly due to the comparably 
low abundance of lineages that were typically highly abundant in all the other lignocellulose-

Figure 4.4 | Canonical correspondence analysis (CCA) of bacterial genera and environmental variables in gut compartments of litter-feeding cockroaches. Each of the 435 bacterial genus-level groups was tested for covariance with the environmental variables pH, hydrogen partial pressure, and redox potential, as well as with insect host (Ergaula capucina, Byrsotria fumigata, Pycnoscelus surinamensis,) and gut compartment (crop, midgut, hindgut). Each dot represents one bacterial genus-level group, size corresponds to mean relative abundance. Averages of the whole communities are given by circled letters. The position of a genus or community along the axis of an environmental variable indicates the level of correspondence between the genus or sample and the environmental variable. Constrained inertia is equivalent to the total variance constrained by all environmental variables combined. 
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turnover rate, making up for almost half of the dry weight turnover (Figure 5.2b). In E. 
capucina, turnover rates of the cellulose and lignin fractions were low in comparison to that of 
the soluble fraction, which contained all soluble and easily solubilizable compounds, such as 
sugars, soluble protein, hemicelluloses, and other heteropolysaccharides (Figure 5.2c). The 
extractions with trifluoroacetic acid were in agreement with this finding considering the high 
turnover rate of xylose, a monomer of the hemicellulose xylan, relative to glucose, the 
monomer of cellulose (Figure 5.2d). 
 

 
 

 
 
 
 

Figure 5.2 | Mean turnover rates of different components of leaf litter by Byrsotria sp. (red, n = 4) and Ergaula capucina (blue, n = 5), given as absolute mass loss per insect biomass and time between food and feces. Rates are shown for (a) total mass loss, (b) main elements, (c) fractions from acid detergent fiber (ADF) and acid detergent lignin (ADL) extraction, and (d) monomers extracted with trifluoroacetic acid. Points indicate means with standard errors. 
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Periplaneta americana under comparable cellulose content; this suggests that their digestive 
strategy on a lignocellulosic diet is to maximize throughput and degradation of easily 
solubilizable substrates, rather than dietary specialization on recalcitrant fractions.  
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