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Candidatus Blochmannia pennsylvanicus is an endosymbiont of Camponotus pennsylvanicus, (Carpenter Ant) 
Millions of years ago, free living bacteria developed a close intracellular relationship with several species of insects, such as carpenter ants, aphids, tsetse flies, and many others. No one knows quite how the bacteria started living inside the insect cells, but once they were established there, they quickly made themselves indispensable. The bacteria are housed within the insect in specialised cells called bacteriocytes, and they aid the host by providing services specially adapted for the relationship. For example, many species of insects rely on their bacterial symbionts for the production of essential nutrients that the insect is not capable of making on its own and cannot obtain from its diet. 

In turn, the bacteria have become completely dependent on their insect hosts and are no longer capable of surviving outside the host cell. As the bacteria have adapted to these relationships, known as obligate symbiosis, they have evolved highly streamlined genomes that are specialized to provide the host-beneficial functions necessary to support their symbiotic lifestyle. 

The distinct lifestyle of obligately intracellular bacteria can alter fundamental forces that drive and constrain genome change. The sequencing of the 792-kb genome of Blochmannia pennsylvanicus, an obligate endosymbiont of Camponotus pennsylvanicus, has enabled researchers to trace evolutionary changes that have occurred in the context of a bacterial–ant association. Comparison to the genome of Blochmannia floridanus reveals differential loss of genes involved in co-factor biosynthesis, the composition and structure of the cell wall and membrane, gene regulation, and DNA replication. 

These symbiotic bacteria are also very closely related to the free-living bacteria Escherichia coli. Millions of years ago they would have had a very similar genome. Therefore the modern genome of symbiotic bacteria represents a subset of the genes found in E. coli. By comparing the genomes of the two types of bacteria, scientists will be able to determine which genes the symbiotic bacteria have lost. 

Although the two Blochmannia species diverged between 16 and 20 million years ago, all 635 genes shared between the two genomes were completely conserved in terms of order and strand orientation. This is a remarkable observation, given that bacteria are particularly noted for their rapidly evolving genomes characterized by extensive recombination, gene transfer, inversion, and translocation. 
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Small genome of Candidatus Blochmannia, the

bacterial endosymbiont of Camponotus,

implies irreversible specialization to an

intracellular lifestyle
Blochmannia (Candidatus Blochmannia gen. nov.) is the primary bacterial endosymbiont of the ant genus Camponotus. Like other obligate endosymbionts of insects, Blochmannia occurs exclusively within eukaryotic cells and has experienced long-term vertical transmission through host lineages. In this study, PFGE was used to estimate the genome size of Blochmannia as approximately 800 kb, which is significantly smaller than its free-living relatives in the enterobacteria. This small genome implies that Blochmannia has deleted most of the genetic machinery of related free-living bacteria. Due to restricted gene exchange in obligate endosymbionts, the substantial gene loss in Blochmannia and other insect mutualists may reflect irreversible specialization to a host cellular environment.

INTRODUCTION

Obligate bacterial mutualists are critical to the reproduction and success of over 10% of insect species (Douglas, 1989). In contrast to some facultative bacterial associates, these primary endosymbionts are typically required for host growth and reproduction, occur within specialized host cells called bacteriocytes, and experience stable, maternal transmission through host lineages (Buchner, 1965; Hinde, 1971). Insect endosymbionts are widespread phylogenetically, but several lineages group with the c-3 subdivision of the Proteobacteria and are closely related to Escherichia coli and other  enterobacteria.Molecular evidence shows that γ-3-subdivision endosymbionts include Buchnera aphidicola associated with aphids, Wigglesworthia glossinidia associated with

tsetse  flies, Carsonella ruddii of psyllids, and Blochmannia of Camponotus, among other insect associates (Charles et al., 2001). Although their functional significance is often unknown, these symbionts are generally thought to play nutritional roles such as providing

essential amino acids, vitamins or other nutrients that are lacking in the hosts' diet (Buchner, 1965; Baumann et al., 1995; Douglas, 1989). For example, Buchnera, the best-characterized insect mutualist, provides essential amino acids that are de®cient in the aphid's diet of plant sap (Douglas, 1998; Baumann et al., 1998). Like most intracellular pathogens, bacterial endosymbionts of insects have undergone severe genome reduction

in the context of their obligate associations with hosts. The small genomes of Buchnera (630±650 kb; Charles&Ishikawa, 1999;Wernegreen et al., 2000) and Wigglesworthia (705±730 kb; Akman & Aksoy, 2001) approach the smallest known bacterial genome size

(Mycoplasma genitalium, 580 kb; Fraser et al., 1995) and are very reduced compared to the 4±5±5±5 Mb genome size range for E. coli (Bergthorsson&Ochman, 1995, 1998). Since most bacterial genomes contain primarily coding DNA, genome reduction in endosymbionts must involve the loss of metabolic functions and physiological capacities, with important phenotypic implications (Andersson & Kurland, 1998; Moran &

Wernegreen, 2000; Ochman & Moran, 2001). Indeed, full genome sequence data for Buchnera (Shigenobu et al., 2000) and microarray analysis of gene content in

Wigglesworthia (Akman & Aksoy, 2001) demonstrate the deletion of several loci for metabolic functions that are not essential within the host cellular environment.

The loss of these biochemical capabilities may account for the inability to culture insect endosymbionts without the host. Blochmannia, ®rst discovered in 1887 (Blochmann,

1887) and recently assigned to the new genus `Candidatus Blochmannia gen. nov.' (Sauer et al., 2000) is the primary endosymbiont of the ant genus Camponotus, the largest genus in the family Formicidae (ants) that includes 931 species in every biogeographical region

(Bolton, 1995). Like most intracellular bacteria, Blochmannia shows accelerated evolutionary rates (unpublished data) and an extremely low G­C content (23 mol%; Dasch, 1975; Dasch et al., 1984). Blochmannia occurs exclusively within ant ovaries and within

bacteriocytes, specialized host cells that are intercalated among enterocytes of the ant midgut. Blochmannia is widely distributed across most species of Camponotus, and congruence of host and symbiont phylogenies (Schroder et al., 1996; Sameshima et al., 1999; Sauer et  al., 2000) suggests the association is evolutionarily stable and as old as the host genus (20 million years; Wilson, 1985), if not older. In this study, we used PFGE to

estimate the genome size of Blochmannia. In the course of this analysis, we further developed methods for isolating genomic DNA of unculturable endosymbionts in sufficient quantity and at sufficient purity for PFGE.
RESULTS AND DISCUSSION

One hallmark of bacterial genomes is their potential to undergo radical changes in size and organization through gene duplication, gene loss, and rearrangements of large portions of the chromosome, as well as to acquire genes via viruses, plasmids and transposable elements. Since most bacterial genomes contain over 85% coding DNA (Bergthorsson & Ochman, 1998) the acquisition or loss of a large portion of DNA may define the biochemical capabilities and range of environments available to particular bacterial lineages. Across bacteria, the most rapid and severe changes in genome sizes are coupled with transitions to an intracellular lifestyle (Moran &Wernegreen, 2000). Obligate endosymbionts that are sequestered within specialized host cells may lack opportunities for recombination with genetically distinct strains (e.g. Funk et al., 2000). Therefore, severe

gene loss in endosymbionts may represent an irreversible evolutionary trajectory that constrains existence outside a eukaryotic cell, and limits transitions in symbiotic lifestyles (e.g. parasitic versus mutualistic associations with hosts) (Moran & Wernegreen, 2000; Tamas et al., 2001). In this study, we demonstrate that the Blochmannia genome is severely reduced compared to closely related free-living bacteria such as E. coli.We estimated the size of the Blochmannia genome by summing the sizes of  linear DNA fragments resolved by PFGE (Fig. 1, Table 1). Based on digestions with four different endonucleases, we determined that the genome size of Blochmannia associated with C. pennsylvanicus ranges between approximately 790 and 813 kb, the strongest support being for a genome size of C809 kb. This estimate is based on several independent digestion

reactions and pulsed ®eld gels, examples of which are shown in Fig. 1. Furthermore, we con®rmed that the agarose plugs used in PFGE are pure samples of Blochmannia±C.  Pennsylvanicus by amplifying and sequencing the 16S rRNA gene of the embedded bacterial DNA. Results of blastn (http :}}www.ncbi.nlm.nih.gov) show that the resulting

sequence (assigned GenBank accession no. AF495758) is most similar to published  Blochmannia 16S rRNA sequences. Phylogenetic analysis of this and other 16S rRNA genes (data not shown) demonstrated that our samples are most closely related to the published C. pennsylvanicus endosymbiont 16S rRNA gene (AJ245598; Schroder et al.,  1996). These sequence data confirm that the agarose plugs used for genome size analysis contained pure samples of Blochmannia±C. pennsylvanicus DNA. PFGE analysis of obligate endosymbionts such as Blochmannia poses distinct experimental challenges. First, the inability to culture Blochmannia outside the host required that we isolate Blochmannia cells from C. pennsylvanicus workers prior to DNA preparation within agarose plugs. This direct isolation from hosts necessarily limited the sample size (e.g. the number of independent restriction enzyme digestions) that we could attain compared to PFGE analyses of culturable bacteria. Furthermore, difficulty in preparing highly concentrated Blochmannia DNA resulted in a low intensity of small chromosomal fragments (less than

C15 kb). The SmaI digestion may include faint, small fragments that are difficult to size accurately (Fig. 1e). If so, these small fragments would account for the slightly

smaller genome size estimate based on this enzyme (790 kb). Despite these inherent limitations of PFGE analysis of obligately intracellular bacteria, independent restriction digestions gave remarkably similar estimates of Blochmannia genome size in this study. Our results clearly demonstrate that the Blochmannia genome is severely reduced, and totals less than one-fifth the genome size of E. coli. Genome reduction in Blochmannia and other obligately intracellular bacteria is consistent with a shift in the selection-mutation balance in these species. The persistence of a gene within a bacterial lineage depends on

the selection coefficient for its maintenance, the efficacy of this selection, as determined by effective population size (Ne), and mutation rates (Lawrence, 1999). Each of these three factors may shift in obligate endosymbionts. First, selective coefficients for the maintenance of genes for metabolic diversity may be reduced in an intracellular environment, resulting in the loss of genes for the biosynthesis of compounds they can acquire from the host cytoplasm. For example, the full genome sequence of Buchnera sp. APS (Shigenobu et al., 2000) demonstrates that the exchange of gene products between

the symbiont and host is complementary and mutually dependent. Buchnera provides the host with essential amino acids and, as expected, possesses a complete set of genes for the biosynthesis of essential amino acids. However, Buchnera lacks genes for the biosynthesis of non-essential amino acids that it must import from the host cytoplasm. In addition, the

pantothenate!pyruvate!CoA pathway illustrates the mutual dependency between host and symbiont genomes. Buchnera performs the pantothenate!pyruvate reaction while the host converts pyruvate to CoA. Second, endosymbionts may have smallNe due to severe

bottlenecks upon transmission to host offspring, and few, if any, opportunities for recombination with genetically distinct strains. According to the nearly neutral theory (Ohta, 1973), reduced Ne is expected to increase the effect of genetic drift and to reduce the

efficacy of selection. Previous studies show elevated rates of fixation of slightly deleterious mutations at particular genes of endosymbionts, consistent with a strong effect of genetic drift (Moran, 1996). On a genome-wide level, genetic drift may have a cumulative effect of reducing genome size if it increases the selective coefficient required to maintain a given gene (Lawrence, 1999; Lawrence & Roth, 1999). Third, small genomes of intracellular bacteria may re¯ect stronger effects of mutational biases due to the

loss of several DNA-repair genes (Moran & Wernegreen, 2000). Mutational bias toward deletions may account for shorter lengths of endosymbiont genes (Charles et al., 1999), and recent work suggests that deletion biases in bacteria may have greater effects on

endosymbiont genomes, in which more sites are effectively neutral (Mira et al., 2001).

Further genomic studies of Blochmannia may inform our understanding of the functional signi®cance of this endosymbiont, which is currently unknown. The proximity of Blochmannia to the ant midgut, and the ability to cure Camponotus of Blochmannia if the host is fed a very complex diet (Boursaux-Eude & Gross, 2000) both suggest that Blochmannia may provide the host with essential nutrients (Dasch et al., 1984). However, the insect and plant diet of Camponotus (Holldobler & Wilson, 1990) is more complex than the unbalanced diets of other insects with bacteriocyte-associated symbionts (e.g. the phloem diet of aphids and other sapsucking insects, and the blood diet of tsetse ¯ies). Given

the relative complexity of the Camponotus diet, it is quite possible that Blochmannia provides alternative, non-nutritional functions for the host. Notably, we found that the Blochmannia genome is slightly larger than those of the closely related insect   endosymbionts Buchnera and Wigglesworthia. Genes that are present in Blochmannia but absent from related symbionts will provide promising candidates for loci with functional

signi®cance for this particular host association.
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Host-symbiont stability and fast evolutionary rates in an ant-bacterium association: cospeciation of camponotus species and their endosymbionts, candidatus blochmannia.
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Bacterial endosymbionts are widespread across several insect orders and are involved in interactions ranging from obligate mutualism to reproductive parasitism. Candidatus Blochmannia gen. nov. (Blochmannia) is an obligate bacterial associate of Camponotus and related ant genera (Hymenoptera: Formicidae). The occurrence of Blochmannia in all Camponotus species sampled from field populations and its maternal transmission to host offspring suggest that this bacterium is engaged in a long-term, stable association with its ant hosts. However, evidence for cospeciation in this system is equivocal because previous phylogenetic studies were based on limited gene sampling, lacked statistical analysis of congruence, and have even suggested host switching. We compared phylogenies of host genes (the nuclear EF-1alphaF2 and mitochondrial COI/II) and Blochmannia genes (16S ribosomal DNA [rDNA], groEL, gidA, and rpsB), totaling more than 7 kilobases for each of 16 Camponotus species. Each data set was analyzed using maximum likelihood and Bayesian phylogenetic reconstruction methods. We found minimal conflict among host and symbiont phylogenies, and the few areas of discordance occurred at deep nodes that were poorly supported by individual data sets. Concatenated protein-coding genes produced a very well-resolved tree that, based on the Shimodaira-Hasegawa test, did not conflict with any host or symbiont data set. Correlated rates of synonymous substitution (d(S)) along corresponding branches of host and symbiont phylogenies further supported the hypothesis of cospeciation. These findings indicate that Blochmannia-Camponotus symbiosis has been evolutionarily stable throughout tens of millions of years. Based on inferred divergence times among the ant hosts, we estimated rates of sequence evolution of Blochmannia to be approximately 0.0024 substitutions per site per million years (s/s/MY) for the 16S rDNA gene and approximately 0.1094 s/s/MY at synonymous positions of the genes sampled. These rates are several-fold higher than those for related bacteria Buchnera aphidicola and Escherichia coli. Phylogenetic congruence among Blochmannia genes indicates genome stability that typifies primary endosymbionts of insects.
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Tissue Localization of the Endosymbiotic Bacterium “Candidatus Blochmannia floridanus” in Adults and Larvae of the Carpenter Ant Camponotus floridanus
Christina Sauer,1,2 Dieter Dudaczek,3 Bert Hölldobler,2 and Roy Gross1*
Abstract.

The distribution of endosymbiotic bacteria in different tissues of queens, males, and workers of the carpenter ant Camponotus floridanus was investigated by light and electron microscopy and by in situ hybridization. A large number of bacteria could be detected in bacteriocytes within the midguts of workers, young virgin queens, and males. Large amounts of bacteria were also found in the oocytes of workers and queens. In contrast, bacteria were not present in oocyte-associated cells or in the spermathecae of mature queens, although occasionally a small number of bacteria could be detected in the testis follicles of males. Interestingly, the number of bacteriocytes in mature queens was strongly reduced and the bacteriocytes contained only very few or no bacteria at all, although the endosymbionts were present in huge amounts in the ovaries of the same animals. During embryogenesis of the deposited egg, the bacteria were concentrated in a ring of endodermal tissue destined to become the midgut in later developmental stages. However, during larval development, bacteria could also be detected in other tissues although to a lesser extent. Only in the last-instar larvae were bacteria found exclusively in the midgut tissue within typical bacteriocytes. Tetracycline and rifampin efficiently cleansed C. floridanus workers of their symbionts and the bacteriocytes of these animals still remained empty several months after treatment had ceased. Despite the lack of their endosymbionts, these adult animals were able to survive without any obvious negative effect under normal cultivation conditions.
Introduction.

The genus Camponotus is classified in the subfamily Formicinae and contains about 1,000 species, which are ubiquitous in many terrestrial habitats (4, 11). In all Camponotus species investigated so far, intracellular bacteria are present within specialized cells of the midgut called bacteriocytes which are intercalated between the typical midgut enterocytes (12, 16, 17, 18). In contrast, in most other bacteriocyte symbioses including that of the close relative Formica fusca, the bacteriocytes form an organ-like structure termed a bacteriome, which is closely associated with the midgut (3, 6). The endosymbiotic bacteria of Camponotus species are gram-negative rods of variable length which apparently float freely in the cytoplasm of the host cells (18). The cytoplasmic location of the bacteria in Camponotus bacteriocytes distinguishes this symbiosis from other bacteriocyte symbioses in which the bacteria exist within membrane-surrounded compartments, the so-called symbiosomes (6, 14). 

Phylogenetically, the endosymbionts of different Camponotus species are most closely related to each other, allowing their classification within a single genus which was recently named “Candidatus Blochmannia” (17). The members of this genus are most closely related to other endosymbiotic bacteria of insects such as Buchnera aphidicola of aphids, Wigglesworthia glossinidia of tsetse flies, and, more distantly, Carsonella ruddii of psyllids (2, 7, 8, 17, 20). Buchnera, Wigglesworthia, and “Candidatus Blochmannia” form a huge clade of symbiotic microorganisms related to the family of the Enterobacteriaceae within the γ subgroup of Proteobacteria. Interestingly, aphids, psyllids, and tsetse flies have very specialized diets such as plant sap or blood, which are poor in certain nutrients such as amino acids and vitamins essential to the animals. Accordingly, bacteriocyte symbioses are generally believed to have a nutritional basis in that the bacteria supply such essential metabolites to their host organisms (9). In fact, the recent determination of the genomic sequence of Buchnera sp. strain APS revealed that the bacteria have a markedly reduced genome but have retained anabolic pathways involved in the biosynthesis of essential compounds for the host animals such as essential amino acids. In contrast, anabolic pathways involved in the biosynthesis of nonessential metabolites are largely deleted from the Buchnera genome (19, 21). However, in the case of the Camponotus-“Candidatus Blochmannia” symbiosis, a nutritional basis is not obvious because these animals usually are not food specialists, although some species rely on homopteran honeydew and extrafloral nectaries during certain periods of the year. Thus, the biological function of bacteria belonging to “Candidatus Blochmannia” and a possible advantage of this symbiosis for the two partners remain unknown.

In general, transmission of endosymbiotic bacteria residing in bacteriocytes to the progeny of the insects occurs vertically. The long-lasting vertical transmission of the various endosymbionts, estimated in the range of 50 million to 250 million years, resulted in congruent phylogenetic trees of the symbiotic partners, demonstrating a long-lasting cospeciation of the bacteria and their host animals. Such a cospeciation of the bacteria and their host organisms is well documented in several cases including the Buchnera, Wigglesworthia, and “Candidatus Blochmannia” insect symbioses (2, 7, 8, 17, 20). However, little is known about the transmission process itself, and conflicting accounts exist in the literature. B. aphidicola bacteria are believed to invade eggs prior to oviposition via plasma bridges from nurse cells; alternatively, in viviparous aphid species, young embryos are somehow infected prior to birth (2). The secondary endosymbionts (Sodalis glossinidius) of tsetse flies apparently infect the oocytes via so-called milk glands, but nothing is known about the transmission route of the primary symbionts belonging to the genus Wigglesworthia (1).

In his pioneering work, Blochmann (3) noted that bacteria are present not only in the midgut but also in the ovaries of the ants, suggesting a maternal transmission of the endosymbionts to the next host generation. Recently, we were able to show that the bacteria present in the bacteriocytes of the midgut and in the oocytes of several Camponotus species are indeed identical, although they show some differences in their morphology (18). Investigations conducted in the early 20th century suggested that in C. ligniperdus and F. fusca, the upper part of the ovaries contain cells loaded with bacteria. These cells are associated with the oocytes, and it was assumed that the bacteria in these cells invade the premature oocytes at some developmental stage (6, 10, 13, 15). To gain further insight into the fate of the bacteria during the life span of their host animals, we investigated the distribution of the bacteria in various tissues of queens, workers, and males and during larval development by using light and electron microscopy and in situ hybridization techniques.

Results.

Distribution of the endosymbiotic bacteria in tissues of workers, queens, and males of C. floridanus. As shown previously, small and large workers of C. floridanus contain many bacteriocytes within their midgut epithelium (18). These bacteriocytes are entirely filled with endosymbiotic bacteria apparently floating freely in the cytoplasm of the host cells (Fig. 1). Very similar findings were made in young virgin queens of C. floridanus (Fig. 2) or males derived from queens or workers (Fig. 3). In C. floridanus males, however, bacteria were also located in normal enterocytes. Similar to the situation in bacteriocytes, no membrane structures surrounding these bacteria could be detected, indicating that they exist unrestrained in the cytosol (Fig. 3). Surprisingly, mature queens several years old differed in a remarkable way from young virgin queens. Although these older individuals had a high bacterial load in their ovaries, their midgut harbored for fewer bacteriocytes, which contain only very few or no bacteria at all (Fig. 4). In the ovaries of workers and queens, we found bacteria exclusively in oocytes but never in associated cells (Fig. 5). This held true even for the apical regions of the ovarioles containing premature oocytes (data not shown). The spermathecae of mated queens did not contain bacteria, although occasionally a few bacteria were detected in the testicles of males (Fig. 6). 

	


	FIG. 1. 

Bacteriocytes in the midgut of a C. floridanus worker. (Left) Methylene blue-stained thin section of the midgut; (right) electron micrograph showing an enlargement of a typical region. Ent, enterocyte; Mv, microvilli; Bac, bacteriocyte; Nu, nucleus.

	


	FIG. 2. 

Bacteriocytes in the midgut of a virgin queen. (Left) methylene blue-stained thin section of the midgut epithelium; (right) electron micrograph showing an enlargement of a typical region. For abbreviations, see the legend to Fig. 1.


	


	FIG. 3. 

Occurrence of endosymbiotic bacteria in bacteriocytes and enterocytes of a male derived from a queen. The electron micrograph shows a typical bacteriocyte filled with bacteria and nearby enterocytes also harboring the endosymbionts, some of which are (more ...)

	


	FIG. 4. 

Empty bacteriocytes in the midgut of a mature queen. (Left) Methylene blue-stained thin section of the midgut epithelium; (right) electron micrograph showing an enlargement of a typical region. For abbreviations, see the legend to Fig. 1.


	


	FIG. 5. 

(A) Ovary of a mature queen showing an oocyte (Ooc) filled with bacteria and associated follicle cells (Fc). (Left) Methylene blue-stained thin section; (right) electron micrograph of an oocyte surrounded by follicle cells. (B) Ovary of a worker showing (more ...)

	


	FIG. 6. 

(A) The spermatheca of a mature queen does not harbor endosymbiotic bacteria. (Left) Methylene blue-stained thin section of the spermatheca; (right) electron micrograph. (B) The testicle of a male harbors only few endosymbiotic bacteria. (Left) Methylene (more ...)


Distribution of “Candidatus Blochmannia floridanus” during embryogenesis and larval development of C. floridanus. In situ hybridization with digoxygenin-labeled oligonucleotide probes complementary to 16S RNA of B. floridanus enabled us to investigate the distribution and migration of the endosymbionts during various developmental stages. In freshly laid eggs, most of the bacteria were found in a central ring-like structure which corresponds to an endodermal region forming the midgut in later stages of embryogenesis (Fig. 7). The strong association of the bacteria with these endodermal tissues became even more evident in later phases and during larval development, when the gut tissue surrounding an internal cavity had already formed. However, in various developmental stages, the bacteria could also be detected in tissues which should not be of endodermal origin (Fig. 7). The preparation of the fragile embryos for microscopic analysis is very artifact prone. We were therefore not yet able to elucidate conclusively in early developmental stages whether the bacteria are located intra- or extracellularly. However, prior to pupae formation, the bacteria were detected exclusively intracellularly in bacteriocytes within the midgut epithelium (Fig. 7). Interestingly, in these larvae the bacteriocytes generally appeared to be located on the basolateral side of the midgut epithelium, whereas in adult animals the location of the bacteriocytes was more variable and the bacteriocytes occasionally were even in contact with the midgut lumen (Fig. 1). 
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	FIG. 7. 

In situ hybridization with digoxigenin-labeled C. floridanus-specific oligonucleotides of cryosections of various developmental stages. A black area indicates the presence of bacteria. (A) Freshly laid egg; (B) 1-mm larva; (C) 3 mm larva; (D) 6-mm larva; (more ...)


Effect of antibiotic treatment on workers of C. floridanus. To investigate whether the symbiosis between bacteria and C. floridanus is obligatory for both partners, we attempted to cleanse the ants of their symbionts by treating them with antibiotics. The workers were fed with honey water enriched with chloramphenicol, Ciprobay 200, rifampin, or tetracyline. A significant effect on the bacteria could be detected only after rifampin or tetracycline treatment, which caused nearly complete clearance of the bacteria from their hosts. In fact, in such treated animals, bacteria could be detected only sporadically (Fig. 8). We cannot say whether the few remaining bacteria were still viable. However, treated workers that were exposed to normal feeding for a subsequent period of 13 weeks did not show any traces of bacteria in their bacteriocytes. It is noteworthy that tetracycline, but not rifampin, caused significant damage to the midgut tisues of the ants, but after a period of up to 13 weeks the gut epithelium recovered, showing a normal appearance with the exception that the bacteriocytes were empty and appeared somehow collapsed. During this period, most animals recovered entirely and no difference between the drug-treated animals and the control group could be noted with regard to feeding behaviour or general colony appearance (data not shown). 

	


	FIG. 8. 

Electron micrograph of the midgut tissue of C. floridanus immediately after the end of tetracycline treatment. The arrows indicate the presence of several residual bacteria in this particular bacteriocyte. For abbreviations, see the legend to Fig. 1.


Discussion.

The present study follows up on investigations conducted many decades ago, which, in the long term, aim at an understanding of the biological significance of the endosymbiosis between intracellular bacteria and their ant hosts. These early studies had already revealed fascinating insights in the biology of the symbiosis of bacteria with ants of the genera Camponotus and Formica, but they remained inconclusive and controversial, e.g., regarding the question of how the bacteria enter the oocytes and whether the bacteria are also located in follicle or nurse cells surrounding the oocytes (3, 6, 10, 13). For example, an invasion of bacteria from the midgut bacteriocytes was reported which was believed to be followed by massive infiltration of the bacteria into the nearby ovarioles (5). In the ovarioles the bacteria may then invade oocyte-associated cells (5, 13), from which they ought to be transferred to the developing oocytes in an unknown way. To readdress the issue of oocyte invasion, we attempted to identify the bacteria in all parts of the ovaries including those containing premature oocytes. We detected bacteria exclusively in the oocytes and never in other cell types such as trophocytes, follicular epithelium, or interfollicular tissue. This still leaves unsolved the question of how the bacteria reach the oocytes.

Interestingly, although males appear to represent dead ends for the symbionts, a few bacteria were occasionally detected in the testis follicles, indicating that in males a similar migration of the bacteria to that in the female individuals may take place, albeit apparently with low efficiency. The presence of bacteria in the testes obviously is not relevant for the transmission to the next generation of hosts, because no bacteria could be detected in the spermathecae of young mated queens, confirming the exclusive maternal transmission route of the bacteria.

In the freshly laid eggs, the bacteria quickly become associated with endodermal tissue forming the midgut. However, in situ hybridization with digoxigenin-labeled bacterium-specific oligonucleotides shows that at the various developmental stages significant numbers of bacteria are also present in other tissues. In fact, only in the last-instar larvae could the bacteria be detected exclusively in the midgut tissue within typical bacteriocytes. We could not determine whether this migration of the endosymbionts within the developing animal is accomplished by extracellular bacteria or by movements of bacterium-filled cells. However, these data may be reconciled with early observations made by Buchner and Hecht, who described movements of bacterium-filled cells and even relocation of the bacteria from one cell type to another (5, 10). In particular they described the occurrence of “primary bacteriocytes” with a very short life span at early stages of embryogenesis. After the degeneration of these cells, the bacteria were presumed to be taken up by so-called “definitive bacteriocytes.” Apart from their presence in bacteriocytes, Hecht found that during embryogenesis, the bacteria were also transiently present in large syncytial giant cells (10). Migration of bacteriocytes and the existence of bacterium-containing syncytia is in concordance with our observations of bacterium-specific staining in parts of the developing animals outside of the endodermal region.

Prior to pupa formation, the larval midgut very much resembles that of adult animals. In fact, the only obvious difference between the larval and adult midgut tissues concerns the shape and position of the bacteriocytes. These structures are smaller in the larvae, are found mainly on the basolateral side of the enterocytes, and do not face the lumen of the midgut. In adult animals the distribution of the bacteriocytes is less ordered and bacteriocytes may even come in contact with the midgut lumen. An interesting exception is observed in males of C. floridanus, in which the bacteria are found in enterocytes as well as in the bacteriocytes. Similar to the situation in bacteriocytes, the bacteria present in the enterocytes apparently are not confined to vacuoles. It is not yet known whether the presence of bacteria in enterocytes of males is the result of an active invasion process of bacteriocyte-derived bacteria.

Interestingly, in contrast to young virgin queens, mature queens several years of age showed a strong degeneration of the bacteriocytes and an elimination of the endosymbionts from the midgut, indicating an age-dependent decrease of the endosymbiont population in the midgut, although the bacterial load in the ovaries of the same insects remained unchanged. Such a phenomenon could not be observed with males or workers of C. floridanus; however, these animals have a comparatively short life span not exceeding several weeks or months, respectively, whereas a Camponotus queen can live and reproduce for more than 10 years. Some degree of bacteriocyte degeneration was also reported for small and large workers of C. ligniperdus reaching an age of more than 40 weeks (13). Ants given from antibiotic treatment did not show any residue of endosymbionts; this suggests that either the few bacteria detected directly after antibiotic administration were not viable or, in contrast to the bacteria present in eggs, larvae, and pupae, the symbionts present in bacteriocytes of adult animals cannot multiply efficiently. Furthermore, antibiotic treatment of the workers apparently did not interfere negatively with their health after they had survived and recovered from the treatment under standard cultivation conditions. It is therefore possible that the Camponotus-“Candidatus Blochmannia” endosymbiosis is most important during embryogenesis and larval development and may play a minor or no role in the biology of adult animals. The adult host animals may even tolerate the degeneration of the symbiosis once the transmission of the symbionts to the next generation is accomplished.

Запрос: e.coli AND ("complete genome" OR habitat)
Находок: 793
Запрос: (e.coli AND "complete genome") OR habitat
Находок: 46717
Разница состоит в следующем: первый запрос требует найти страницы, на которых обязательно встречается слово e.coli а так же присутствует "complete genome" или habitat. Во втором же случае требуются все страинцы на которых встречаются и e.coli и "complete genome", а так же все страницы, где встречается слово habitat. Очевидно, что второй запрос нецелесообразен, если нас интересует только информация относительно  e.coli. Кроме того понятно, что в результате во 2-м случае больше найденных страниц: число страниц, сожержащих e.coli и "complete genome" одинаковот в обоих случаях, а разность объясняется тем, что в первом случае ищутся страницы, содержащие и e.coli и habitat, а во втором содержащие одно лишь habitat, каковых, очевидно >=.
С сайта http://www.ebi.ac.uk/genomes/bacteria.html
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