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Buchnera aphidicola is an obligate, strictly vertically transmitted,
bacterial symbiont of aphids. It supplies its host with essential
amino acids, nutrients required by aphids but deficient in their diet
of plant phloem sap. Several lineages of Buchnera show adapta-
tion to their nutritional role in the form of plasmid-mediated
amplification of key-genes involved in the biosynthesis of trypto-
phan (trpEG) and leucine (leuABCD). Phylogenetic analyses of these
plasmid-encoded functions have thus far suggested the absence of
horizontal plasmid exchange among lineages of Buchnera. Here,
we describe three new Buchnera plasmids, obtained from species
of the aphid host families Lachnidae and Pemphigidae. All three
plasmids belong to the repA1 family of Buchnera plasmids, which
is characterized by the presence of a repA1-replicon responsible for
replication initiation. A comprehensive analysis of this family of
plasmids unexpectedly revealed significantly incongruent phylog-
enies for different plasmid and chromosomally encoded loci. We
infer from these incongruencies a case of horizontal plasmid
transfer in Buchnera. This process may have been mediated by
secondary endosymbionts, which occasionally undergo horizontal
transmission in aphids.

Many insects maintain symbiotic associations with bacteria
(1). These symbioses vary widely in properties like per-

sistence, tissue distribution of the bacteria, mode of transmis-
sion, and level of integration between both partners. One end of
the spectrum is represented by bacteriocyte symbioses, associ-
ations that are obligate, permanent, and mutualistic (2). They are
estimated to occur in 10% of insect species (3). Bacteria in these
associations are confined to a single, specialized cell type
(bacteriocyte) and are transmitted maternally (2). In general,
they play a nutritional role by complementing certain deficien-
cies in the diets of their hosts (4).

A prime example of bacteriocyte symbiosis is the association
between aphids and Buchnera aphidicola (5). The former are
plant-sap sucking insects of the order Hemiptera and Buchnera
are g-proteobacteria closely related to the Enterobacteriaceae
(6). Their symbiosis resulted from a single bacterial infection of
the common ancestor to all extant aphids, 100–250 million years
ago (7). Host and symbiont lineages have evolved in parallel ever
since. Besides Buchnera, aphids often harbor additional bacteria
in their guts and in tissues surrounding the bacteriocytes (3, 8).
The latter are commonly referred to as secondary endosymbi-
onts. These too have been shown to be subject to vertical
transmission (9), but their patchy distribution among aphid
populations implies that they, unlike Buchnera, also undergo
horizontal transmission (3).

Buchnera provisions its host with essential amino acids, nu-
trients in short supply in the aphids’ diet of plant-phloem sap (4,
5). The genetic organization of amino acid biosynthetic pathways
suggests that at least some lineages of Buchnera are adapted to
overproduce these nutrients. Genes encoding key enzymes in the
pathways leading to tryptophan and leucine (trpEG and
leuABCD, respectively) have been found to be amplified through
their translocation from the chromosome to plasmids (10, 11). In
the case of the leucine genes, this translocation occurred to a

resident plasmid that contained a repA1-replicon responsible for
replication initiation (12). This replicon is evolutionarily related
to the IncFII replicon, which occurs on a number of enterobac-
terial virulence and antibiotic resistance plasmids (13–15). In
Buchnera, the replicon is defined by a replication initiation gene
(repA1) and a distinct origin of replication located immediately
downstream of this gene (12). Most plasmids contain an addi-
tional, shorter variant of the replication initiation gene (repA2),
which is thought to have originated from a duplication of repA1
(16, 17), i.e., they are paralogous genes. Apart from its associ-
ation with the leucine genes, the repA1-replicon also has been
found on a small, cryptic plasmid in a Buchnera species in which
leuABCD is still encoded on the chromosome (12). This small
plasmid is thought to resemble the ancestral form that was used
for the amplification of the leucine genes in different lineages of
Buchnera.

Although the number of independent translocation events of
leuABCD is disputed (12, 17), previous phylogenetic analyses
have all suggested the absence of horizontal plasmid exchange in
Buchnera. Here we present the finding and characterization of
three plasmids containing the repA1-replicon. Based on phylo-
genetic analyses of all currently characterized repA1-replicons,
we present evidence for gene conversion between directly ori-
ented, duplicated repA genes and for horizontal or ‘‘postsymbi-
otic’’ acquisition of a plasmid carrying the replicon in one lineage
of Buchnera. To our knowledge, this represents the first report
of horizontal gene transfer in an insect–bacterial symbiosis.

Materials and Methods
General Methods. Plant material carrying aphids was collected in
the field and kept at 4°C until further manipulation of the
animals. The aphids Pemphigus spyrothecae (collected from galls
on Populus trees) and Geoica urticularia (collected from galls on
Pistacea trees) were available in quantities sufficient to perform
isolations of Buchnera cells and subsequent Buchnera plasmid
DNA and genomic DNA isolations. Only a limited amount of
aphids from Tuberolachnus salignus (collected from Salix trees)
were available, and a whole-aphid DNA isolation method was
used to maximize DNA yield. Methods used for Buchnera
isolation, Buchnera plasmid DNA isolation, whole-aphid DNA
isolation, inverse long PCR, routine cloning, and nucleotide
sequencing have been described previously (12). Small plasmids
isolated from Buchnera of the aphids P. spyrothecae and G.
urticularia were linearized with EcoRI and XbaI, respectively,
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cloned, and completely sequenced. A Buchnera plasmid carrying
leuA was amplified by inverse long PCR from whole aphid DNA
(12) of the species T. salignus. The PCR product was 6.2 kb in
size. It was digested with BamHI, cloned, and physically mapped,
and portions were sequenced.

PCR and Sequencing of groE. Primers for amplification of the groE
(groES–groEL) cluster ('1.9 kb) were designed on the basis of
bacterial GroE sequences available at the European Molecular
Biology Laboratory (EMBL) database: groExF1 59-ATGAA-
WATTCGTCCRTTRCAYGATCG-39 and groExR1 59-
TTACATCATKCCRCCCATRCCACCCA-39. The groE cluster
from Buchnera of the aphids P. spyrothecae, G. urticularia, and
T. salignus was amplified from the same DNA preparations used
in the previous analyses. In addition, the same fragment was
amplified by using DNA from the aphids Pterocomma populeum,
Tetraneura caerulescens, and Thelaxes suberi, which was extracted
as in ref. 12. PCR products were cloned in pGEM-T Easy vector
(Promega) and partially sequenced. The sequences obtained
comprised the complete groES gene, the intergenic region, and
59 partial (248 nt) sequence of groEL gene. For phylogenetic
reconstruction, we used the coding sequences mentioned above,
and groE from Buchnera of the aphid Acyrtosiphon pisum, and
the Enterobacteria Yersinia enterocolitica, Escherichia coli, and
Hemophilus influenzae, with EMBL accession nos. X61150,
D14078, X07850, and U32736, respectively.

Analysis of DNA and Protein Sequences. DNA sequence data were
assembled and analyzed with the Genetics Computer Group
(GCG) program package version 8.0 (18). BLASTP searches (19)
were done at the network server of the National Center for
Biotechnology Information, RepA sequences were aligned with
DIALIGN (20) and manually improved at regions of high diver-
gence. Ibp sequences (see Results) were aligned as previously
described (12), and groE sequences were aligned with CLUSTALV
(21). Phylogenetic reconstructions were obtained by using a
maximum likelihood approach, with programs PAML version 2.0
(22) and PUZZLE 4.0 (23). Additional analyses were performed
by using the neighbor-joining algorithm (24) as implemented in
the program NEIGHBOR from the PHYLIP package (25). The
amino acid substitution model was based on an update to
Dayhoff’s PAM250 matrix (26). The Kimura 2-parameter model
was used to take superimposed nucleotide substitutions into
account (27). All analyses used pairwise gap deletion options to
deal with alignment gaps.

In the neighbor-joining method, the significance of recon-
structions was tested by bootstrap resampling (1,000 replicates)
to obtain estimates of the support for each node (28). The
significance of the reconstructions in the maximum likelihood
approach was tested by two methods. First, branches were tested
for being longer than zero by using the corresponding standard
errors derived from the information matrix (22). Branches were
considered longer than zero when their lengths were larger than
twice the standard error. Second, quartet puzzling was used to
obtain the proportion of times for which each internal branch
was recovered as significant in each possible quartet of se-
quences (23). This gives an estimate of the total support for each
internal branch.

Tests of alternative topologies were carried out using the
Resampling Estimate of Log-Likelihood (RELL) method (30,
31), which gives a bootstrap probability for candidate trees
without performing a maximum likelihood estimation for each
resampled data set. The package MOLPHY 2.2 (32) was used to
perform the RELL tests.

Relative rate tests of nucleotide substitutions were done using
Wu and Li’s (33) method complemented with Muse and Weir
(34) as implemented in program K2WULI (35). This method
considers tests among pairs of sequences and, consequently,

multiple comparisons were dealt with using Bonferroni’s se-
quential correction (36).

Results
Description of the Plasmids. Similar to previously studied Buchnera
of the aphid Tetraneura caerulescens (12), Buchnera of Pemphigus
spyrothecae, and Geoica urticularia were each found to contain
a small, cryptic plasmid. The two new plasmids, designated
pBPs1 and pBGu1, are 2308 and 2387 bp in length and have
average GC contents of 24.3 and 23.0%, respectively. pBPs1
contains two ORFs that are homologous to genes encoding
plasmid replication initiation protein RepA1 and small heat-
shock protein Ibp (37). Ibp also is carried by the leucine plasmid
of Buchnera of Thelaxes suberi (12) but is chromosomally en-
coded in Buchnera from the aphid Schizaphis graminum (38).
pBGu1 contains three ORFs, two of which are homologous to
the paralogs repA1 and repA2 of the same replication initiation
gene. The third ORF is homologous to ORF1, which encodes an
inner membrane protein and which is commonly present on
Buchnera leucine plasmids (11, 12, 16, 17). Physical maps of
pBPs1 and PBGu1 are presented in Fig. 1A, together with the
previously characterized plasmid from Buchnera of T. caerule-
scens (pBTc1) (12). The respective aphid hosts all belong to the
family Pemphigidae (39, 40).

Inverse long PCR analysis revealed that Buchnera of Tu-
berolachnus salignus contains a plasmid that encodes genes
involved in leucine biosynthesis. The plasmid is designated
pleu-BTg and was found to carry only the repA1 gene in addition
to leuABCD (Fig. 1B). The aphid host belongs to the family
Lachnidae (39, 40), representing the third major lineage in which
leucine plasmids have now been found.

The origin of replication of the Buchnera repA1-replicon is
characterized by a conserved motif that contains three repeats
of the tetranucleotide ‘‘ATGC’’ (59-ATGC–N19–20–ATGC–
N15–16–ATGC-39) (12). All plasmids described here also con-
tained this motif, suggesting that their replicons are homologous.

Alignment of RepA Sequences. A comprehensive view of the
evolution of the repA1-replicon in Buchnera can only be inferred
through analysis of the repA genes because these are the only
ones present on all plasmids. We therefore performed an
elaborate phylogenetic analysis of these genes. Our dataset of
RepA proteins comprised 10 RepA1 and seven RepA2 se-
quences (Fig. 1). The distantly related RepA sequences from
Salmonella and Yersinia virulence plasmids and from E. coli
plasmid R100 were included as outgroups. Individual sequence
lengths and GC contents of repA genes are listed in Table 1. The
length of the multiple alignment was 330 amino acids (complete
alignment available upon request). RepA1 and RepA2 se-
quences differed from each other by two deletions (11 and 18
amino acids) in the C-terminal region of RepA2 (Fig. 2A).

Gene Conversion and Phylogenetic Analysis of RepA. Pairwise align-
ments of repA1 and repA2 genes originating from a single plasmid
revealed that the paralogs of Buchnera from T. suberi (Ts) and
G. urticularia (Gu) contained long stretches between amino acid
positions 98 and 172 that were completely identical at the
nucleotide level between the two variants (Fig. 2 A). In the
Ts-repAs there were two such stretches, 59 and 107 nt long and
in the Gu-repAs there was a single stretch of 126 nt. Although
sequence similarity in this region was high across all species,
other pairs of repA sequences from a single plasmid did not
contain such long stretches of identity. This is illustrated in Fig.
2B, in which pairwise alignments are compared for the paralogs
of Buchnera from T. suberi and G. urticularia and for those of
Buchnera from Diuraphis noxia, a species in which divergence in
this region was relatively high.

The fact that the identical segments in the Gu- and Ts-repA
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pairs did not even contain synonymous substitutions suggests
that this identity did not result from selection on protein
function. Neither is it likely that repA1 was only recently dupli-
cated on these plasmids because divergences in other regions of
the genes are comparable to those of other repA pairs. The
sequence identity is most plausibly explained by assuming the
action of a gene conversion mechanism (41). This finding is
relevant in the present context because sequence conversion may
obscure phylogenetic relationships for RepA. We therefore
determined the direction of sequence conversion in the Ts- and
Gu-repA pairs (data not shown) and subsequently compared
phylogenetic reconstructions for three different multiple align-
ments. The first one was the original alignment. In the second,
the deduced converted regions of Gu-RepA1 and Ts-RepA2
were removed, whereas in the third these two proteins were
removed entirely.

The maximum likelihood tree estimated for the original
dataset is presented in Fig. 3. Although most branches in this
tree, as well as in those for the other two datasets, were
significantly different from zero, support for internal nodes

obtained in quartet puzzling and bootstrap resampling was very
weak in most cases and local topologies differed considerably
between trees. This was even more pronounced when different
amino acid substitution models and methods of distance esti-
mation and phylogenetic reconstruction were used for each
alignment (data not shown). For the entire set of sequences,
RepA1 and RepA2 never behaved as two monophyletic groups.
Only sequences from the family Aphididae clustered into two
groups of orthologous genes in most trees. Relationships within
this family were also the only ones that conformed to established
classifications of aphid hosts and previous molecular phyloge-
netic analyses (7, 16, 39, 40, 42).

Aberrant Phylogenetic Position of Ps-RepA1. One remarkable ex-
ception to the weakness of the phylogenetic signal in RepA was
the placement of RepA1 from Buchnera of P. spyrothecae
(Ps-RepA1) basal to the remaining Buchnera sequences (Fig. 3).
This basal position was observed in each single analysis per-
formed with the three multiple alignments. As a member of the
Pemphigidae, sequences obtained from this species would be
expected to show at least a tendency to cluster with other
representatives of this family (Tc- and Gu-RepA1). Such results
have indeed previously been obtained in studies of 16S rDNA
and TrpEG sequences (7, 12, 43). However, RELL tests of
alternative topologies, in which a monophyletic grouping of
sequences derived from the Pemphigidae was enforced, showed
that the placement of Ps-RepA1 was highly significant (relative
support value of 97.18% for the topology shown in Fig. 3).

A profound divergence of Ps-RepA1 is illustrated by maxi-
mum likelihood distances to other Buchnera sequences, which on
average were nearly twice as high as the average maximal
distances within the latter group. This divergence cannot be
explained by a possible recombination event, which might have
produced a chimaeric gene, because amino acid differences
among Ps-RepA1 and other Buchnera and enteric RepA1 pro-
teins are distributed evenly over the entire sequence. Moreover,
relative rate tests revealed that the evolutionary rate of Ps-repA1
was not aberrant compared to other Buchnera repA sequences:
analysis of transversion substitutions among pairs of sequences
showed a divergent evolutionary rate between repA from E. coli
and those from Buchnera, including Ps-repA1, but there were no
significant differences in evolutionary rate for this gene among

Fig. 1. Linearized physical maps of Buchnera plasmids carrying the repA1-replicon. (A) Small, cryptic plasmids from Buchnera of members of the family
Pemphigidae (P). (B) Leucine plasmids from Buchnera of members of the families Thelaxidae (T), Lachnidae (L), and Aphididae (A). Species abbreviations: Ps,
Pemphigus spyrothecae; Tc, Tetraneura caerulescens; Gu, Geoica urticularia; Ts, Thelaxes suberi; Tg, Tuberolachnus salignus; Pp, Pterocomma populeum; Rp,
Rhopalosiphum padi; Sg, Schizaphis graminum; Dn, Diuraphis noxia; and Ap, Acyrthosiphon pisum. Leucine plasmids from Buchnera of Sg, Dn, and Ap (17, 58)
are highly similar to pleu-BRp. Genes above lines are transcribed in rightward direction and those below lines in leftward direction. Arrowheads indicate the
approximate position of the conserved region in the origin of replication (ori) that contains three ATGC-repeats.

Table 1. Size and GC content of repA genes

Species

repA1 repA2

S* GC S GC

Buchnera
A. pisum 283 29.23 250 24.97
D. noxia 280 28.23 251 25.13
R. padi 283 29.93 249 24.53
S. graminum 283 30.16 250 24.70
P. populeum 283 28.17 251 22.62
T. salignus 278 25.81
T. suberi 283 30.41 246 25.37
T. caerulescens 289 23.68
G. utricularia 305 25.71 204 20.49
P. spyrothecae 280 32.27

Non-Buchnera 285 57.23
S. enteritidis 288 56.90
Y. enterocolitica 289 54.56

*Size in amino acids.
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Buchnera species, including the one isolated from P. spyrothecae
(Table 2). This result is consistent with an acceleration of
evolutionary rates in Buchnera compared to its free-living rel-
atives (44). However, the apparent homogenous evolutionary
rates among all Buchnera repA sequences suggests that the basal
phylogenetic position of Ps-repA1 can unlikely be attributed to an
artifact in phylogenetic reconstruction.

Phylogenetic Analysis of GroESL and Ibp. To provide an indepen-
dent test for the incongruent phylogenetic relationships of the
plasmid-encoded RepA from our presumed Buchnera isolate
from P. spyrothecae relative to published phylogenetic schemes,
we performed analyses of the chromosomally encoded groE
cluster in relevant Buchnera species used in this study, as well as
of available Ibp sequences. The groE cluster was amplified by
PCR from genomic DNA samples that were obtained from the
same bacterial preparations as the plasmid DNA isolations.
Resulting PCR fragments were partially sequenced, yielding a

GroESL multiple alignment with a total of 179 aa positions. A
maximum likelihood tree estimated for this dataset is presented
in Fig. 4A. In contrast to the RepA phylogenies, groupings in this
tree were well-supported by bootstrap and quartet puzzling
analyses. In accordance with of 16S rDNA and plasmid-encoded
trpEG phylogenetic analyses (7, 12, 43), the sample obtained
from P. spyrothecae clustered with the two other Buchnera
sequences from members of the Pemphigidae.

The length of the multiple alignment of Ibp sequences was 172
positions. A maximum likelihood tree estimated for this dataset
is presented in Fig. 4B. The three Buchnera Ibp sequences
formed a strongly supported group, but relationships among
them were inconsistent with previous phylogenetic schemes.
These would predict a clustering of Ts-Ibp with either Ps- (12)
or Sg-Ibp (7). The RELL test relative support value for the
former topology was 12.64%, 2.5% for the second, whereas the
one shown in Fig. 4B had a value of 84.82%. However, ibp is a
small and variable gene (37) and phylogenetic reconstructions
with a taxonomic sample as small as the present one should be
interpreted with utmost caution. Nevertheless, in view of the
observations made for RepA and GroESL, the significance of
the present result lies in the fact that Ps-Ibp, similar to Ps-
GroESL but contrary to Ps-RepA1, was highly similar to the two
other Buchnera sequences.

Discussion
To date, Buchnera and all of its genetic information were thought
to be transmitted strictly vertically. This finding was based on the
demonstration of maternal transmission of symbionts in aphids
(1, 45, 46) and supported by the strict congruence between
phylogenies derived for aphids and Buchnera chromosomal and
plasmid-borne genes (5, 7, 10, 16, 42). However, with the
exception of 16S rDNA sequences, taxonomic sampling of
Buchnera genes has been both limited and biased toward rep-
resentatives of the Aphididae. Inferences made from such biased
sampling on strictly vertical transmission of plasmids may hold
for this particular lineage but are likely to miss processes that
occurred in the early evolution of Buchnera or in other, more
diverged lineages. Using a broader taxonomic sampling, we
unexpectedly obtained a significant conflict among Buchnera

Fig. 2. Multiple alignment of Buchnera repA sequences. (A) Schematic representation of protein multiple alignment. Arrows in the region between amino acids
98 and 172 indicate location of segments that are identical among the repA1 and repA2 genes of plasmids pleu-BTs (upper arrows, positions 98–117 and 128–163)
and pBGu1 (lower arrow, position 128–172). Gray blocks in the C-terminal domain indicate location and length of two deletions present in all repA2 genes. (B)
Pairwise nucleotide sequence alignments of region of repA from plasmids pleu-BTs, pBGu1, and pleu-BDn, corresponding to amino acid positions 90–180,
illustrating segments of complete identity in Ts-repAs (positions 292–350 and 383–489) and Gu-repAs (position 382–516).

Fig. 3. Maximum likelihood tree for RepA proteins using the original
multiple alignment. Figures near branches indicate support values larger than
50% obtained in quartet puzzling resampling. The number 1 designates
RepA1 and 2 designates RepA2. Species abbreviations are given in the legend
to Fig. 1. Sequences from Buchnera of the Pemphigidae are in bold face and
those from the Aphididae are in italics. RepA outgroup sequences: Se, S.
enteritidis virulence plasmid (U64797); Ye, Y. enterocolitica virulence plasmid
(M55182); and Ec, E. coli plasmid R100 (P03066).
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gene phylogenies. Phylogenetic incongruence can arise merely
from methodological errors or it may point to unexpected
biological phenomena. We interpret the above conflicting gene
phylogenies as evidence of horizontal transfer of plasmids in
Buchnera. Our inferences hinge on the proposed monophyly of
aphids and Buchnera from the family Pemphigidae (7, 12, 39, 40).

The repA1 gene of a plasmid (pBPs1) isolated from Buchnera
of P. spyrothecae was found to be highly divergent relative to all
other Buchnera repA sequences and was placed basal to these in
RepA trees (Fig. 3). Previous phylogenies based on Buchnera
16S rDNA and TrpEG (7, 12, 43) and aphid morphology (7, 39)
would predict a clustering with other members of the Pemphigi-
dae. Such a clustering was further confirmed by our present
analyses of GroE. Given the statistical significance of the present
phylogenetic result and the finding that the evolutionary rate of
Ps-RepA1 was not aberrant, which suggests that a systematic
error accounting for its phylogenetic placement can be excluded,
there remain two possible explanations for the incongruence: i)
either an aphid-associated bacterium other than Buchnera was,
contrary to our previous assumption, the source of plasmid
pBPs1 in preparations made from P. spyrothecae or ii) although
presently carried by Buchnera, Ps-repA1 was acquired horizon-

tally by Buchnera from an unknown source in the P. spyrothecae-
lineage after its divergence from the other Pemphigidae.

Several lines of evidence favor the second scenario of
‘‘postsymbiotic’’ plasmid acquisition. First, the low GC contents
of Ps-repA1 (Table 1) and of pBPs1 as a whole (24.3%) are
consistent with previous values reported for Buchnera DNA (5)
but not with those of, e.g., aphid secondary endosymbiont DNA
(3, 8, 47). Secondly, plasmid pBPs1 was isolated in relatively high
amounts from P. spyrothecae. Both observations point to Buch-
nera as the most likely source of pBPs1. Thirdly, Ps-Ibp from the
same plasmid, and Ps-GroESL from the same bacterial prepa-
ration, phylogenetically clustered strongly within the Buchnera
lineage. Because repA1, unlike ibp, is part of a replicon, the
segment of a plasmid that bears indispensable functions for
replication, it is the most likely element to be transferred and to
persist in different hosts. The phylogenetic position of Ps-Ibp
therefore provides support for the assumption that pBPs1 is
presently carried by Buchnera, but it also implies that this
plasmid is an evolutionary chimaera of a horizontally acquired
repA1-replicon and an ibp gene of Buchnera chromosomal origin.
Fourthly, Buchnera of P. spyrothecae has recently been found to
contain a tryptophan plasmid that also differs in a number of
properties from those of other Buchnera, most notably with
respect to the resident replicon (43). Like ibp, however, the
trpEG genes from this plasmid were clearly of Buchnera origin.
In the present context, these parallel cases of chimaeric plasmids
contained within a single Buchnera lineage make a scenario of
horizontal gene transfer as part of their evolutionary history
most plausible.

Plasmid-mediated gene transfer is an important process in
bacterial evolution (48–50) and is well-documented in plant-
associated bacteria (51). A few recent studies have reported in
insecta genetic exchange among plant-associated bacteria as well
as among strains of the insect-pathogenic bacterium Bacillus
thuringiensis (52, 53). Apart from a sometimes rich microbial
gut-f lora (8), aphids often harbor secondary endosymbionts in
tissues bordering the bacteriocytes that contain Buchnera (1, 5,
47). Although these bacteria may be inherited maternally (9),
their incidence and distribution suggest that they also undergo
horizontal transmission among host lineages (3). It is conceiv-
able that in the putative case of horizontal plasmid acquisition
in Buchnera reported here, the donor may have been such a
secondary endosymbiont.

Buchnera genome evolution is governed by three major pro-
cesses: (i) a mutational bias that has led to an increase in A 1
T content (5, 54); (ii) the accumulation of mildly deleterious
mutations in protein-coding genes, which has been attributed to
mutational bias, small population size and the absence of
recombination (55); and (iii) reductive genome evolution (56).
Moran (55) has suggested that, collectively, these processes may

Fig. 4. Maximum likelihood trees for GroESL and Ibp proteins. (A) GroESL.
Outgroup sequences: Hi, H. Influenzae; Ye, Y. enterocolitica; and Ec, E. coli. (B)
Ibp. Outgroup sequences: Ec-IbpA and B, E. coli IbpA and IbpB. Figures near
branches indicate support values greater than 50% obtained in quartet
puzzling. Species abbreviations are given in the legend to Fig. 1.

Table 2. Results for comparisons of evolutionary rates (only transversions) among pairs of repA sequences

Value in range Taxon 1 Taxon 2 Taxon 3 K13–K23 z

Max E. coli Buchnera (Rp-1) S. enteritidis 20.464 6 0.060 27.805*
Min E. coli Buchnera (Gu-2) Y. enterocolitica 20.865 6 0.152 25.685*

E. coli Buchnera (Ps) S. enteritidis 20.560 6 0.073 27.618*
Max Buchnera (Tg-1) Buchnera (Ps) E. coli 0.183 6 0.121 1.515ns

Min Buchnera (Sg-2) Buchnera (Ps) E. coli 20.006 6 0.108 20.060ns

Max Buchnera (Rp-1) Buchnera (Tg-1) E. coli 20.303 6 0.101 22.993ns

Min Buchnera (Sg-1) Buchnera (Ts-1) E. coli 0.000 6 0.062 0.000ns

Four sets of comparisons are shown. The first two rows show the maximum (Max) and minimum (Min) deviations (z) from constancy of evolutionary rates
between E. coli and Buchnera isolated from species other than P. spyrothecae. The next row shows the comparison between E. coli and Buchnera from P.
spyrothecae. Rows 4 and 5 represent the extreme deviations in comparisons between Buchnera from P. spyrothecae and those from the remaining Buchnera
species, and the last two rows show the extreme values among these. Significance of z values was obtained after application of Bonferroni’s sequential correction
procedure. Species names as in Fig. 1.
ns, not significant; *, P , 0.001.
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determine an evolutionary fate for Buchnera, and possibly for
other endosymbiotic bacteria, of ‘‘long-term deterioration.’’ As
noted by the author, however, the fact that the aphidyBuchnera
symbiosis has persisted for more than 100 million years implies
that this process is either extremely slow or that compensatory
processes counteract or retard the evolutionary outcome. In
addition to high level expression of protein chaperonines (54)
and recombination that might occur in the polyploid Buchnera
genome (57), maintenance of a capacity for genetic exchange
with free-living bacteria or insect secondary symbionts over a
long period of evolutionary time, for which the present study has
provided evidence, might also represent one such compensatory
process. A broader implication is that if even a tightly integrated
symbiont like Buchnera has long retained a capacity for genetic
exchange, it is likely that bacteria more loosely associated with
insects (secondary endosymbionts) still have unrestrained access
to the wider microbial gene pool.

Previous studies have suggested that the duplication of repA1
was ancestral to the lineage leading to Buchnera of the families
Thelaxidae and Aphididae (17). The current taxonomic sam-
pling of repA sequences encompasses a wider range of evolu-
tionary divergences but our phylogenetic analyses failed to
reproduce a perfect clustering of repA1 and repA2 genes. We
suspect that this is due primarily to the high variability of these

genes and that indeed, the duplication of repA1 occurred only
once. Rather than by basic similarity at the amino acid level, this
is perhaps most strongly supported by structural similarities in
the C-terminal region among RepA1 and RepA2 proteins,
respectively. The length of this region is highly conserved in the
former, whereas the RepA2 sequences show great length vari-
ation and seem to share at least two major deletions (Fig. 2 A).
The repA2 gene is not known from the distantly related, enter-
obacterial IncFII replicon and seems to be a unique but dis-
pensable addition to the Buchnera repA1-replicon. However, the
ancestral lineage in which the duplication of repA1, followed by
major deletions in the C-terminal region of the resulting paralog,
must have occurred, cannot still be inferred with certainty from
the present dataset. To elucidate the complete evolutionary
history of the repA1-replicon, including the origin of the leucine
plasmids, the disputed positioning of the root within the Buch-
nera phylogeny must first be resolved (12, 17).
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