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Abstract

Many bacteria, especially proteobacteria, have established a symbiotic
association with insects. Insects confer to their partners a stable environment,
while the bacteria provide the host with new metabolic capabilities, complementing
the insect nutritional requirements and contributing to the exploitation of new
ecological niches. The analyses of the complete sequence of five genomes of
endosymbionts of insects has shown that both, at gene and genomic levels,
endosymbiotic bacteria have experienced drastic transformations, when compared
with their free-living relatives. A massive genome reduction occurred during the
establishment of symbiosis. The loss of genes involved in DNA repair and
recombination, probably some of the first gene losses that occurred in the reductive
process, had important posterior consequences. The remnant gene repertoire can be
classified in two groups: a set of genes shared by all endosymbionts and another set
of genes having specific role in the insect-bacteria association. In this review we
take advantage of the recent genome sequencing of three Buchnera aphidicola strains
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living on three different aphid hosts, to get some light into the factors that are
responsible for the genome reduction syndrome and its associated features, such as
the accumulation of deleterious mutations. We also discuss about the tempo and
mode of genomic evolution in endosymbionts.
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1. Introduction

The term symbiosis (from the Greek simbios or living together) was first
introduced by Anton de Bary in 1879. This author explicitly included
parasitism as a type of symbiosis and excluded short-term associations. Some
authors do not accept Bary's definition and hold that short-term interactions
should be considered true symbiosis and parasitic associations must be rejected
as such. Most researchers consider, in a more restrictive meaning, that there is
symbiosis only when both partners benefit from the association. Douglas (1994)
narrows the term even further and confines symbiosis to associations in which
at least one partner bestows the other with some sort of novel metabolic
capability, as it is the case of most of the well known associations.

Contrary to most prokaryotes, eukaryotes have rather limited metabolic
capabilities and, hence, symbiosis has provided an evolutionary strategy
through which eukaryotes gain access to a wider range of metabolic resources.
Insects are particularly receptive to symbiotic processes, and it has been
estimated that at least 15-20% of all insects live in such symbiotic
relationships (Buchner, 1965), allowing them to explore a great variety of
ecological niches (Douglas, 1989; Moran and Bauman, 2000). One special case of
symbiosis is endosymbiosis, meaning that one partner, generally a prokaryote,
is located inside the body of the other. In some cases, the prokaryote is
literally sequestered within a eukaryotic cell. Insects that have established
endosymbiotic processes with bacteria are characterized, in general, by feeding
upon unbalanced diets, poor in essential nutrients such as amino acids, sterols or
vitamins, which are provided by the symbionts (Bauman et al., 1995, 2000;
Douglas, 1998).

Mutualistic and obligate insect-bacteria symbiosis have been intensively
studied in the last years, particularly those involving Buchnera aphidicola,
Wigglesworthia glossinidia and Blochmannia floridanus, primary
endosymbionts of aphids, tsetse flies and carpenter ants, respectively.

Aphids are plant phloem-feeding insects that harbor the bacterium B.
aphidicola as a primary endosymbiont (Munson et al., 1991). The phloem is
rich in sugars, but poor in nitrogenous compounds. In particular, aphids diet is
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deficient in essential amino acids, vitamins and several essential lipids. Three
B. aphidicola genomes have been sequenced (Shigenobu et al., 2000; Tamas et
al., 2002; van Ham et al., 2003), and their gene content revealed the presence of
genes coding for the essential nutrients that are lacking in aphids diet, thus
giving support to the previously proposed nutritional role for the symbiosis
between aphids and B. aphidicola.

The tsetse fly, the vector of African trypanosomes, harbors two symbiotic
bacteria: W. glossinidia, as an obligate primary symbiont, and Sodalis
glossinidia, as a commensal secondary symbiont. The genome sequence of W.
glossinidia has shown that genes involved in the biosynthesis of vitamin
metabolites are retained, which also suggests a nutritional role for this
symbiont, supplying the deficiencies in the tsetse fly diet, composed
exclusively of blood from the vertebrate host (Akman et al., 2002).

Finally, social insects, such as ants, have developed numerous interactions
with different species of animals, plants and microorganisms. The genome of BI.
floridanus, the primary endosymbiont of carpenter ants of the species
Camponotus floridanus, has recently been sequenced by our group (Gil et allyy
2003), revealing that this symbiosis also has a nutritional basis, in spite of the
fact that these ants feed on a complex diet. In this case, Bl. floridanus supplies
nitrogen and sulfur compounds to the host.

A very wide phylogenetic study has recently been carried out, based on the
alignment of 61 concatenated conserved protein-coding genes involved in
translation from 19 selected y-proteobacteria, including the insect
endosymbionts Bl. floridanus, W. glossinidia and three strains of Bu.
aphidicola (Gil et al., 2003). The phylogenetic relationships were evaluated
by means of maximum likelihood and Bayesian methods (Schmidt et al., 2002;
Huelsenbeck and Ronquist, 2001). Briefly, the maximum likelihood tree was
obtained by the quartet puzzling method. A matrix of amino acid substitution,
along with a gamma model (0=0.99) for rate variation among sites, and a
proportion p=0.14 for invariant sites, were used with 4,000 puzzling steps. The
Bayesian analysis proceeded with a given model for amino acid substitution,
complemented with a gamma + invariant model for rate heterogeneity among
sites. Fig. 1 is part of the obtained phylogeny, showing the phylogenetic
relationships for the five endosymbionts of insects plus four close-related free-
living bacteria whose genomes have also been sequenced (Escherichia coli K12;
Salmonella enterica, Haemophilus influenzae and Vibrio cholerae). The
genome sizes and the number of genes of all of the compared bacteria are also
included. As it can be observed, the three symbiotic bacterial lineages form a
monophyletic cluster belonging to the y-3 Proteobacteria subdivision. The
analyses of the complete sequence of the five known genomes from bacterial
endosymbionts of insects (three strains of B. aphidicola, W. glossinidia and Bl.
floridanus) reveal a dramatic process of gene and genome reduction in the three
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bacterial lineages, when compared to their closest free-living relatives such as
Escherichia coli. An interesting feature, with remarkable consequences for the
genome evolution of the endosymbionts, is the loss of most of the genes involved
in DNA repair and recombination. Furthermore, in general no orphan genes are
present, indicating that no new genes have been acquired by horizontal gene
transfer (Silva et al., 2003). The remnant gene repertoire can be grouped into
two major groups. One group corresponds to the genes that are shared by all
analysed endosymbionts, which may well represent a minimum gene set
necessary to sustain symbiotic life. The second one is formed by those genes
having a specific role in the association with their corresponding hosts, thus
being specific for each bacterial species.

For a better understanding of the genome reduction process it is necessary to
have a deep knowledge of the biology of the symbiotic association, i.e., that of
each of the partners and of the symbiotic interaction itself. This is the case of
aphids and B. aphidicola, for which many studies have been carried out in the
last years regarding the biology of aphids, B. aphidicola, and on the aphid-B.
aphidicola association (reviewed in Bauman et al., 2000). In addition, B.
aphidicola is the only endosymbiotic bacteria for which the genome of three
strains obtained from three different aphid species has been reported
(Shigenobu et al., 2000; Tamas et al., 2002; van Ham et al., 2003). Thus, we will
focus most of the remaining part of this review analyzing B. aphidicola and its
symbiotic relationship with aphids.

2. The Aphid-B. aphidicola Symbiotic Association

The genus Buchnera contains one species, B. aphidicola, being the type strain
of the endosymbiont of the aphid Schizaphis graminum, as defined by Munson
et al. (1991). Currently this species name designates the lineage of these
bacteria in the different aphid species. Thus, we will refer to the primary
endosymbionts of the different aphid species as B. aphidicola strains. B.
aphidicola is confined into specialized polyploid cells, called bacteriocytes.
These cells form aphid organ-like structures called bacteriomes, localized in
the haemocoel of the insect, above the digestive tube. B. aphidicola is
maternally inherited by means of infection of the eggs or embryos during the
blastoderm stage (Buchner, 1965; Hinde, 1971; Houk and Griffiths, 1980). This
symbiosis is an example of obligate mutualism. On one hand, the aphid cannot
reproduce without B. aphidicola, since aposymbiotic aphids, obtained after
treatment with antibiotics, have a slow growth and have no fertile offspring.
On the other hand, the bacteria eannot survive outside the aphid, since B.
aphidicola cannot be cultured in artificial media (Bauman et al.,, 1995;
Douglas, 1998; Prosser and Douglas, 1991).
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Phylogeny Genome size Number Reference
(Kb) of genes
— Vibrio cholerae 4034 3885 (1)
-93
Buchnera aphidicola (BBp) 618 545 (2)
538 | 21
{ Buchnera aphidicola (BAp) 652 609 (3)
WD =33 Buchnera aphidicola (BSg) 653 597 )
-204
829 g Blochmannia floridanus 706 625 (5)
<168 Wiglesworthia glossinidia 703 661 (6)
Escherichia coli K12 4639 4288 (7)
1 Salmonelia enterica 4857 4489 (8)
Haemophilus influenzae 1830 1703 9)
Figure 1. Phylogeny, genome size and number of genes of the five sequenced genomes of

insect endosymbionts, and five free-living bacteria. For the methods used to infer
the phylogenetic relationships and the statistical support, see text. All the nodes
are highly supported statistically (between 85 to 100%). The positive numbers
above the branches show the inferred minimum number of corresponding
ancestral genomes. The negative numbers show the postulated genes losses
occurred on each one of the bacterial symbionts. (1) Heidelberg et al. (2000); (2)
van Ham et al. (2003); (3) Shigenobu et al. (2000); (4) Tamas et al. (2002); (5) Gil
et al. (2003); (6) Akman et al. (2002); (7) Blattner et al. (1997); (8) Parkhill et al.
(2001); (9) Fleischmann et al. (1995).
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Evolutionary relationships among the aphid subfamilies analyzed in this study
according to A) Heie (1987), and B) Ortiz et al. (2003). The taxonomy used in
this study is the one proposed by Remaudiere and Remaudiere (1997) that
consider the range of family for the Aphidoidea (instead of superfamily as in the
previous one) and, consequently of subfamily for the derived aphid lineages.
Arrows represents the origin of the B. aphidicola infection and broken lines
represent the non-congruence of several subfamilies between both trees (see text
for more details).
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Phylogenetic analysis based on 16S rDNA sequences of several B. aphidicola
strains have shown that they belong to the y-3 subdivision of the class
Proteobacteria, having E. coli and related members of the Enterobacteriaceae
as their closest known relatives (Moran et al., 1993; see also Fig. 1). These
results also revealed that this symbiosis resulted from a single bacterial
infection of the common ancestor of all modern aphids, approximately 100-250
million years ago, and followed by co-evolution of both partners.

Several molecular phylogenetic studies using different genes from B.
aphidicola (Brynnel et al,, 1998; Baumann et al.,, 1999; van Ham et al., 1999,
2000), were in good agreement with the morphology-based phylogeny of
aphids proposed by Heie (1987) (Fig. 2a). However, in most of these
phylogenetic studies, species sampling was limited to representatives of a few
subfamilies. Van Ham et al. (1997) using also 165 rDNA sequences of B.
aphidicola from aphids representative of additional subfamilies, put into
question some of the traditionally accepted relationships between some aphid
subfamilies.

Recently, by using mitochondrial ribosomal DNA sequences, von Dohlen and
Moran (2001) carried out a broad phylogenetic study where aphid
representatives of many subfamilies were chosen. They found, in general, a good
agreement of external branches (i.e., at the level of tribes) with phylogenies
based on morphological data, but the resolution of the internal nodes was very
poor, therefore being unable to support or contradict the relationships among
subfamilies put forward by morphology based phylogenies.

Finally, Martinez-Torres et al. (2001) and Ortiz-Rivas et al. (2003) carried
out large studies using several genes from both B. aphidicola and aphid species
representative of several subfamilies, including some belonging to the
Lachninae. From their results, some of the traditionally accepted groupings,
both in bacterial and aphid phylogenies, are put into question (Fig. 2b). In
particular, the subfamilies Lachninae and Aphidinae do not seem to be as
closely related as previously reported. Further knowledge about the
relationships among the different subfamilies of the family Aphididae will
provide important clues to understand the evolutionary process of the symbiosis
in B. aphidicola, leading to features such as the variation of the genome size of
different B. aphidicola strains, plasmidic or chromosomal location of genes
involved in biosynthesis of amino acids, and accelerated evolutionary rate of
some lineages.

3. Genome Size of Buchnera aphidicola

Charles and Ishikawa (1999) determined by Pulse-Field Gel Electrophoresis
(PFGE) the chromosome size of B. aphidicola from the aphid Acyrthosiphon
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pisum (BAp), a member of the subfamily Aphidinae, as 0.64 Mb. This size was
confirmed with the complete genome sequence by Shigenobu et al. (2000). At
that time, this was the second smallest bacterial genome reported, being the
genome of Mycoplasma genitalium, the obligate parasite of epithelial cells,
the smallest one (580 Kb) (Fraser et al., 1995).

These data, together with new genome size estimates for several
endosymbionts and obligate intracellular pathogens, showed that symbionts
and obligate pathogens maintain a highly compact genome with a minimum
number of coding genes, due to a rapid loss rate of genes, in contrast to the free-
living bacteria, that tend to increase their genome sizes by means of horizontal
gene transfer and gene duplication (Silva et al., 2001, 2003). For example, the
genome sizes of Bl. floridanus, and W. glossinidia, are 706 and 703 Kb,
respectively (Akman et al., 2002; Gil et al., 2003). The genome size of
Rickettsia prowazekii, the agent producing the epidemic typhus is 1.1 Mb
(Andersson et al., 1998), and Haemophilus influenzae, another human
pathogen, has also a reduced genome size of 1.8 Mb (Fleischmann et al., 1995).

The analysis by PFGE of the chromosome size of three B. aphidicola strains
from aphids of the subfamilies Aphidinae and Pemphiginae (Wernegreen et
al., 2000) showed a slightly smaller size for the latter species. Gil et al. (2002)
analyzed the chromosome size of nine B. aphidicola strains belonging to five
aphid subfamilies, including the same two subfamilies studied by Wernegreen
et al. (2000). As it can be seen in Table 1, great genome size variation was found,
ranging from 670 to 450 Kb. Thus, B. aphidicola strains from aphids of the
subfamilies Chaitophorinae, Thelaxinae and Lachninae posses genome sizes
smaller than M. genitalium (from approximately 450 to 550 Kb), being B.
aphidicola strains from aphids of the genus Cinara (subfamily Lachninae) the
ones with the smallest genomes. In fact, we can consider the genome of B.
aphidicola from the aphid Cinara cedri (BCce) the smallest known bacterial
genome reported so far (450 Kb) (see Table 1).

The comparison of the genome sizes of several B. aphidicola strains revealed
great differences among aphid subfamilies. This is, for instance, the case of the
three B. aphidicola from aphids of the subfamily Lachninae, that have 200 Kb
less than the two B. aphidicola from aphids of the subfamily Aphidinae.
However, the differences within subfamilies are much smaller, being of
average of 20 Kb (see Table 1).

Although we can hypothesize that the great majority of genome shrinkage
probably occurred in the Last Common Symbiotic Ancestor (LCSA) of B.
aphidicola at the beginning of the symbiotic integration (see below), since then
the different strains of B. aphidicola have undergone a reductive process in a
way that correlates with their host, at least at the subfamily level, and they
may well be evolving towards the minimal genome required for the survival
into the corresponding aphid host.
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4. B. aphidicola Genome Analysis

The genome of B. aphidicola is formed by one main chromosome plus one of
two plasmids (Bracho et al., 1995; Lai et al.,, 1994), depending on the B.
aphidicola strain (see Table 1). A leucine plasmid, ranging in size from 6.3 to
8.2 Kb, is present in the subfamilies Aphidinae, Thelaxinae and Lachninae
(Silva et al., 1998; van Ham et al., 1997, 2000). It contains the four structural
genes for the synthesis of leucine (leuA, leuB, leuC and leuD) and one or two
genes coding for a plasmid replicase (repA). Some plasmids also contain the ibp
gene, coding for a heat shock protein, and an ORF1 coding for a putative
membrane protein (yghA). Species from the subfamily Pemphiginae posses a
cryptic leucine plasmid of 1.7-2.4 Kb (van Ham et al., 2000) that does not
contain the leucine genes. B. aphidicola from aphids of the subfamily
Aphidinae and some tribes of the subfamily Pemphiginae also contain
tryptophan plasmids (Rouhbakhsh et al., 1996; van Ham et al., 1999), ranging
in size from 3.0 to 12.8 Kb, that contain the two first genes of the tryptophan
pathway (trpEG). The variability in size is mainly due to variability in the
number of tandem repeats of these genes or pseudogenes. It is worth noticing
that, with the only exception of the duplicate gene grpE in the main
chromosome, genes and/or pseudogenes duplications are only found in the
plasmids of B. aphidicola. Sabater-Mufoz et al. (2002) have postulated that a
leucine plasmid was present in the B. aphidicola LCSA that preceded the
diversification of all the endosymbionts, and that the chromosomal location of
the leucine genes observed in some B. aphidicola strains arose by a transfer of
such genes from a plasmid to the main chromosome. The reason why some
lineages transferred back the plasmid to the main chromosome is an open and
unsolved question, but due to the metabolic role of B. aphidicola in the
symbiosis, it is likely to be related to the quality of phloem-sap from different
host plants and/or the growth rate of the aphids.

The sequencing of the genome of B. aphidicola BAp (Shigenobu et al., 2000)
allowed the comparison with E. coli (Blattner et al., 1997) and Vibrio cholerae
(Heidelberg et al., 2000), the two closest free-living bacteria whose genomes
have been sequenced. These comparisons have shown that the endosymbiont not
only has experienced large genome reductions, but also large genome
reorganizations (Silva et al., 2001).

Two new genomes of B. aphidicola from the aphids, Schizaphis graminum
(BSg) and Baizongia pistacea (BBp), have been sequenced, providing new
insights for understanding the genome evolution of these species. The
comparison of the strains BAp and BSg coming from the same aphid subfamily
(Aphidinae), but from different tribes (Macrosiphini and Aphidini,
respectively) (see Table 1), with estimated divergence time of 50 to 70 million
years, revealed an extreme conservation of the genome order with neither
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chromosomal rearrangements (translocations, inversions or duplications), nor
gene acquisition by horizontal gene transfer, thus being the most extreme case of
genome stability to date (Tamas et al., 2002). The comparison with a third
strain, B. aphidicola BBp, coming from aphids of the subfamily Pemphiginae,
revealed a nearly perfect gene-order conservation, with only four minor
rearrangements (two inversions and two translocations involving the leucine
and tryptophan plasmid-contained genes) in the BBp strain relative to the
BAp and BSg strains. Since the Aphidinae and Pemphiginae lineages diverged
about 80 to 150 million years, van Ham et al. (2003) suggested that B.
aphidicola can be considered as an enterobacterial "gene-order fossil" and that
the onset of genomic stasis coincided with the establishment of the symbiosis
with aphids, approximately 200 million years ago. However, the gene content
is different in the three lineages, indicating that independent gene losses have
occurred from the LCSA of B. aphidicola. The complete set of coding genes
present in the three B. aphidicola strains, obtained as the sum of all shared
and non-shared genes and pseudogenes, is 638. This represents the minimum
number of genes that LCSA would contain (see Fig. 1). Thus, a minimum of 155
independent gene losses have occurred in the three B. aphidicola strains
analyzed, 93 in the BBp lineage, 8 before the split of the two Aphidini, and 21
and 33 in the BAp and BSg lineages, respectively. The reason why some genes
are lost (or retained) in some lineages is not clear. The current sequencing of the
genome of B. aphidicola BCce (see Table 1) could provide new clues to address
that question, since it possesses the smallest bacterial genome ever found, and
could represent the minimum number of genes carried out by a symbiont before
becoming extinct.

Using the published data of the W. glossinidia genome (Akman et al., 2002)
and our sequence data for Bl. floridanus (583 protein-coding genes and 42 rRNA
genes; Gil et al., 2003) we have estimated that the minimum number of genes of
the LCSA between both species would be 829. Finally, taking into account all
the data, we can estimate that the minimum number of genes of the LCSA for
the five analyzed endosymbionts would be 1150 (Fig. 1). This last number is
still very distant from the number of genes present in their closest free living
relatives, even when genes acquired in these species by horizontal gene transfer
are not considered.

The genomic alignment of orthologous gene position in pairwise comparisons
between B. aphidicola BAp, Bl. floridanus and E. coli has revealed that many
chromosomal rearrangements have occurred since the divergence of the B.
aphidicola and Bl. floridanus lineages, with different rearrangements in the
different species (Silva et al., 2001; Gil et al., 2003). These results let us
postulate that the massive gene loss that took place in the process towards the
LCSA of B. aphidicola and probably of Bl. floridanus was accompanied by
many chromosomal rearrangements. So, recombination by means of unequal
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