Final report // Extended report for attachment

The project “genoESYMBpestINSECTS” dealt with the genomic analysis of bacterial endosymbionts of undesired or agricultural pest insects like cockroaches, white flies, and the olive fly. All these insect groups harbour symbiotic bacteria as obligate or facultative partners that play important functional roles for the host, e.g. via provision of essential amino acids or involvement in the nitrogen recycling. The impact of the project is a better understanding of the biology of endosymbionts of insects especially of Blattabacterium sp., the symbiont of cockroaches. Objectives, research focus, and methods were different for each of the three studied symbioses: Part 1) full genome sequencing, assembly, annotation, and comparative analysis of genomes of Blattabacterium sp., the cockroach symbiont, 2) the characterisation of the bacterial microbiota of white flies, consisting of one primary and several secondary symbionts, and 3) the genome size determination of the olive fly symbiont Cand. Erwinia dacicola. Genome sequencing and comparative sequence analysis of exemplary members of these insect groups yielded new insights in the evolution of the symbionts and the biology of the partnerships.

During the first half of the project period the work on the three parts was relatively equally distributed. However, for the reasons outlined in the Midterm report during the second half of the project the work concentrated completely on Part 1 Blattabacterium-cockroach symbiosis to accomplish the genome analysis of the bacterial symbiont of Cryptocercus punctulatus. 

Part 1 Cockroach – Blattabacterium symbiosis

In the course of this part, research work started in the Intraeuropean Marie Curie Postdoctoral Fellowship of Dr. Alexander Neef (project ENDOBLATTA, see Final report on project nº MEIF-CT-2005-009395) was continued. 

The symbionts of two cockroaches, Blattella germanica and Cryptocercus punctulatus, were studied. 

Finishing of the genome analysis of Blattabacterium sp. (B. germanica)

The sequencing of the genome of the endosymbiont Blattabacterium of B. germanica (BBge) was finished using the 454 technology. The genome was assembled and manually annotated. The genome consists of a 637 kb chromosome. A 4 kb plasmid was detected in addition. The completed genome has a size of 636,850 bp and contains 627 genes (Lopez-Sanchez et al., 2009). Gene annotation showed that the genome codes for the whole set of structures and functions of a bacterial cell. Central metabolic pathways like glycolysis and the TCA cycle are present as well as the urea or ornithine cycle. Biosynthetic capacities include the ones for 16 of 20 amino acids, many vitamins, and the nucleotides. 

The most interesting feature is the nitrogen metabolism. Blattabacterium sp. disposes via the urea cycle of the synthesis to generate urea, but also of a functional urease to degrade this metabolite. This makes the endosymbiont a key player for the nitrogen economy of its host. Supposedly, Blattabacterium is involved in the degradation of uric acid, a nitrogen compound stored by cockroaches in the fat body, to ammonia, but commands also of the potential for the synthesis of essential amino acids to provide the host. 

The BBge genome was compared with the ones of other insect endosymbionts, especially belonging to the Gammaproteobacteria like the aphid symbiont Buchnera aphidicola and the carpenter ant symbiont Blochmannia, as well as other organisms belonging to the phylum Bacteroidetes like the free-living organisms Flavobacterium johnsoniae, F. psychrophilum, and Gramella forsetti (at that time the closest relatives with completely sequenced genomes) and the intracellular living Candidatus Sulcia muelleri, Cand. Azobacteroides trichonymphae and Cand. Amoebophilus asiaticus. The comparison of gene content and assignation to COG classes (Cluster of orthologous groups classification, NCBI) showed that Blattabacterium has the highest similarity to Blochmannia. The insect hosts of these two organisms, cockroaches and carpenter ants, respectively, are both omnivorous what contrasts with most other insects containing obligatory endosymbionts that show special and restricted diets like e.g. aphids or the tsetse fly. 

Genome sequencing and analysis of Blattabacterium sp. (C. punctulatus)

As outlined in the Midterm report, during the second half of the project the work on Blattabacterium sp. concentrated on the genome analysis of the bacterial symbiont of the wood-feeding roach C. punctulatus. Sequencing of this symbiont was started as a new objective in autumn 2008 in addition to the original work plan. This cockroach is phylogenetically distant from the two yet sequenced blattabacteria endosymbionts of B. germanica and Periplaneta americana and therefore under evolutionary aspects especially interesting. Cryptocercidae are considered a direct sister group to extant termites who have lost the blattabacteria symbionts. Comparison of different blattabacteria genomes might therefore reveal new insights in the co-evolution of the cockroach-Blattabacterium symbiosis in general. Detailed information on the genome and its comparison with the genomes of Blattabacterium sp. from B. germanica (BBge) and Periplaneta americana (BPam) has been published recently (Neef et al., 2011) and will be described briefly in the following.

The genome of BCpu consists of a chromosome of 605,745 bp with 23.8mol% GC content of DNA and a plasmid of 3,816 bp (30.5% GC). The chromosome of BCpu contains in total 585 genes, 545 protein-coding, 38 non-coding RNAs (32 tRNAs, 3 rRNAs, tmRNA, the Signal recognition particle RNA, and the RNA component of the RNase P) and two pseudogenes, ygfA, coding for 5-formyltetrahydrofolate cyclo-ligase, and lpxP, coding for a thermonuclease-family protein. The plasmid contains three genes, all orthologous to genes found in the plasmids of BPam and BBge: dut, a dUTP nucleotide hydrolase, nrdF, a subunit of a ribonucleotide-diphosphate reductase and a hypothetical protein. A fourth plasmid-coded hypothetical protein is pseudogenised in BCpu.

The genome of BCpu is approximately 31 kb smaller than the ones of BBge and BPam due to the loss of 54 and 48 functional genes in the BCpu chromosome relative to the ones of BBge and BPam, respectively. The gene order in BCpu is conserved compared to BBge and BPam. Regarding the inversion of a 19 kb fragment in the origin region, BCpu has the same order like found in BBge. 

In a comparison of the genomes BCpu, BBge, and BPam of 643 genes were found to be present in total in the three genomes. This constitutes the pan-genome of Blattabacterium sp.. The core genome common to all three organisms consists of 571 genes (88.8% of all genes). 

Compared to BBge and BPam, the differential absence of genes in BCpu must be a consequence of different adaptations in the respective cockroach lineages. This can best be explained by a convergent evolution scenario that is in congruence with the phylogenetic model showing co-cladogenesis between symbionts and hosts. 

The symbiont of C. punctulatus contains a reduced blattabacterial genome characterized by the loss of 47 functional genes present in both BBge and BPam. Twenty three of them are involved in amino acid biosynthesis, making the decline in amino acid production capacity the most distinctive difference compared to the BBge and BPam genomes. BCpu has completely lost the pathways for seven amino acids, six essential ones, isoleucine, leucine, valine, threonine, methionine and tryptophan, and the non-essential cysteine. The pathways of two more amino acids, essential lysine and non-essential arginine, are inactivated by the loss of single genes, lysA and argH. 

BBge and BPam show biosynthetic capacities for 16 amino acids and cannot produce asparagine, glutamine, proline or glycine. Auxotrophy for the nine additionally lost amino acids in BCpu implies that these amino acids must be provided by the host. The seven essential ones cannot be synthesized by the insect. If access to these amino acids by BCpu is negatively affected it would be reflected in the overall use of these amino acids in the proteome. However, the relatively unaltered overall distribution of amino acids in BCpu indicates that the symbiont also has unrestricted access to these nine unsynthesized amino acids. Therefore, the host C. punctulatus must assimilate the essential amino acids either from the diet or from provisioning by intestinal microorganisms.

C. punctulatus lives in habitats in moderate climates and feeds primarily on rotten logs, i.e. decaying wood. Once wood putrefaction has started, a complex secondary microbiota colonizes it, speeding up degradation. In contrast to the limited nutrient supply and recalcitrance of the wood fraction, the decomposing microorganisms are a rich and easily degradable nutrient source. This resource may be sufficient to provide the host and blattabacterial symbiont with all necessary amino acids and cofactors. Alternatively, surplus production of amino acids and cofactors by members of the hindgut microbiota could be also a source. Potentially, both sources could contribute to the amino acid provision of BCpu. 

IWood-feeding by Cryptocercus is in contrast with the feeding habits of most other cockroaches. Many cockroaches, especially the so-called urban pests like B. germanica and P. americana, are considered omnivores, and thus less specialized than Cryptocercus. Combined feeding on rotten material and the acquired hindgut community permitted the loss of the amino acid-biosynthetic pathways in the BCpu genome.

Genome reduction of Blattabacterium BCpu appears to be a coherent process in this co-evolutionary scenario involving C. punctulatus and both symbiotic partners, the Blattabacterium endosymbiont and the gut microbiota. An ancestral omnivorous cockroach possessed a Blattabacterium symbiont able to produce the essential amino acids and to provide them to the host. During the Cryptocercidae lineage evolution, feeding on rotten wood might have conveyed an additional input of readily digestible nutrients and simultaneously led to the evolution of a symbiotic hindgut microbiota. Bacterial and archaeal symbionts of the hindgut flagellates, as well as microorganisms freely living in the hindgut lumen, are likely to possess amino acid synthesis potential like that described for termite symbionts. Thus, the essential amino acids supply from the diet or the hindgut symbionts may have become constant and copious enough to substitute the original amino acid provision from the fat body symbiont. Amino acid synthesis capacities of Blattabacterium BCpu became therefore redundant and were lost. Cockroach endosymbionts (Blattabacterium sp.) may help in the N recycling from the fat body-stored urates (López-Sánchez et al. 2009). In this scenario, the C. punctulatus symbiont BCpu has an intermediary role compared with "high capacity" blattabacteria, like BBge and BPam, and the entire loss of the Blattabacterium symbiont in extant termites. 

The life style of Cryptocercus as temperate forest dweller is characterized by a diet that includes probable access to essential amino acids and the presence of a hindgut microbiota as potential amino acid producers. These sources might have permitted an evolutionary substitution process and thus a highly adaptive genome reduction of its fat body symbiont. Cryptocercus is an attractive model organism due to its phylogenetically intermediate position between other Blattaria and Isoptera. 

Part 2 Whitefly Bemisia tabaci symbionts:

A principal difference to the cockroach - Blattabacterium symbiosis is that the whitefly Bemisia tabaci contains various bacterial symbionts as partners. Beside Portiera aleyrodidarum as obligatory primary symbiont several other bacteria can be present as facultative symbionts: Hamiltonella, Arsenophonus, Cardinium, Fritschea, Wolbachia, and Rickettsia. Consequently, genome sequencing essentially follows a metagenomic approach. In the Mediterranean countries primarily two biotypes of B. tabaci are known to cause the highest damages as agricultural pests, biotypes B and Q. Therefore, strains from both these biotypes were studied. 

This part of the ERG project is also part of an on-going collaboration of the Evolutionary Genetics Research Unit with research groups from France (Dr. Laurence Mouton and Dr. Fabrice Favre, University of Lyon) and Israel (Dr. Einat Zchori and Dr. Murad Ghanim, Volcani Research Centre for Agricultural Studies). At the UVEG beside the Researcher Dr. Alexander Neef and the Scientist in Charge Prof. Andrés Moya in addition Prof. Francisco J. Silva and later also Prof. Amparo Latorre, both from the Evolutionary Genetics research group, were involved in this project.

At the beginning of the project neither genomic data for any of the whitefly symbionts existed nor a work flow for the preparation of representative DNA samples. For efficient metagenomic sequencing of all symbionts  present in a certain white fly strain, i.e. the primary and secondary ones, the extracted DNA has to contain significant amounts of all members of the symbiotic community while keeping the amount of contaminating insect DNA to a minimum. 

Therefore, the work started with the standardization of a method to extract bacterial DNA suited for the sequencing of the genomes of primary and secondary symbionts and resulted in a combined and modified protocol of methods already used in our laboratory. 

The determination of the composition of the symbiotic community was performed via PCR. A PCR assay using specific 16S rRNA-targeted primers for the detection of all symbionts possibly present in B. tabaci (see above) was set-up and standardized. Applying this assay two strains of B. tabaci, originating from Spain and Israel and belonging to biotypes Q and B, were fully characterized. Beside the common primary symbiont P. aleyrodidarum, the two strains contained as secondary symbiont both Hamiltonella and in addition the Israeli strain Rickettsia and the Spanish strain Cardinium leading to the strain designations BHR and QHC. Together with the collaborating groups in France and Israel, these two strains were selected for the future genome sequencing.

A preliminary metagenomic analysis was performed via a distribution study of the presence of the primary symbiont Portiera and the secondary symbionts Cardinium and Hamiltonella in the QHC strain. However, two attempts to construct metagenomic libraries via traditional cloning resulted in only few symbiont sequences with a very strong background of contaminating insect sequences (>90% of clones). This showed that the extraction method has to be further improved to reduce the amount of insect DNA. Furthermore, preliminar quantification of the DNA fractions for each symbiont is necessary.

In collaboration with the French group a first quantification of the abundance of the different symbiont DNAs in the total extracted DNA samples was done and yielded rather low levels of 4 – 11% for Portiera and only around 1% for the secondary symbionts Hamiltonella, Cardinium, and Rickettsia with a large majority of insect DNA. 

In the following, an own qPCR (quantitative PCR) assay was established using GroEL and a single copy fragment to quantify Portiera and Bemisia DNA, respectively. The DNA extraction protocol was further modified. The amount of contaminating insect DNA could be reduced and the fraction of bacterial DNA was increased. P. aleyrodidarum DNA accounted then for 10-30% of total DNA. The protocol for the secondary symbionts was yet not established when the work was transferred to a PhD student. 

Under the leadership of the French group, our group (Prof. Andrés Moya, Dr. Alexander Neef, and Prof. Francisco Silva) participated successfully in a call of the French research organization Genoscope (http://www.genoscope.cns.fr) for the de-novo sequencing of genomes and acquired a granted project that includes funds for the sequencing of the metagenomes of the QHC and BHR strains.

Furthermore, during the years 2008 and 2009 an own in-house culture of the strain QHC, obtained from Dr. Francisco Beitia, Instituto Valenciano de Investigaciones Agrarias (IVIA; Moncada, Valencia), was established within the installations of the Cavanilles Institute to secure direct and constant access to insects in the framework of the project.

From February until June 2009 a master student Francois Renoz, from the Catholic University of Louvain, Belgium, was collaborating as part of his master studies. The experimental work of this master student was supervised by the Researcher. He carried out the PCR assays with the QHC strain and constructed and sequenced the initial metagenomic libraries. The student presented his research work, supervised by the Researcher Alexander Neef and Prof. Francisco Silva as responsible Training officer, in a 25-pages report “Characterization of the types and proportion of DNA of bacterial endosymbionts that are present in metagenomic DNA samples obtained from the whitefly Bemisia tabaci”.

Around the midterm of the ERG project it was decided between the Scientist in Charge and the Researcher together with other researchers in the Evolutionary Genetics Research Units (Prof. Francisco Silva, Prof. Amparo Latorre), to intensify the activities in this research line and therefore to transfer the work to a Ph.D. student. Until the end of the project the Researcher remained involved in the supervision of this research work.

Part 3: Bactrocera oleae - "Cand. Erwinia dacicola"  symbiosis:

In this part the genome size of the putative symbiont "Candidatus Erwinia dacicola" was determined.  Applying Pulsed field gel electrophoresis (PFGE) using the rare-cutting restriction enzymes BlnI and I-CeuI the genome size was measured to be approximately 3.5 Mb. 

The work in this project part was done in collaboration with Prof. Francisco J. Silva, a PhD student (E. Belda) and a master student (A. Moret), all of the UVEG. The research results were presented in a journal manuscript that however got not published yet (Moret et al., in preparation).

The originally intended construction of genome libraries and representative sequencing of the genome of the Cand. E. dacicola was not further followed due to information on a yet advanced competing genome sequencing project of the same organism at the University of Arizona (Dr. Anne Estes). Consequently, we decided to terminate the work of this part of genoESYMBpestINSECTS.
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