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Buchnera aphidicola is an obligate intracellular symbiont of aphids. One of its proposed functions is the
synthesis of essential amino acids, nutrients required by aphids but deficient in their diet of plant phloem sap.
The genetic organization of the tryptophan pathway in Buchnera from proliferous aphids of the family
Aphididae has previously been shown to reflect a capacity to overproduce this essential amino acid (C.-Y. Lai,
L. Baumann, and P. Baumann, Proc. Natl. Acad. Sci. USA 91:3819-3823, 1994). This involved amplification of
the genes for the first enzyme in the pathway, anthranilate synthase (TrpEG), on a low-copy-number plasmid.
Here we report on the finding and molecular characterization of TrpEG-encoding plasmids in Buchnera from
aphids of the distantly related family Pemphigidae. Buchnera from Tetraneura caerulescens contained a 3.0-kb
plasmid (pBTc2) that carried a single copy of &rpEG and resembled frpEG plasmids of Buchnera from the
Aphididae. The second plasmid (pBPs2), isolated from Buchnera of Pemphigus spyrothecae, contained a different
replicon. It consisted of a putative origin of replication containing iterons and an open reading frame,
designated repAC, which showed a high similarity to the gene encoding the replication initiation protein RepA
of the RepA/C replicon from the broad-host-range IncA/C group of plasmids. The plasmid population was
heterogeneous with respect to the number of tandem repeats of a 1.8-kb unit carrying repAC,, trpG, and rem-
nants of trpE. The two principal forms consisted of either five or six copies of this repeat and a single-copy
region carrying repAC,, the putative origin of replication, and trpE. The unexpected finding of elements of the
RepA/C replicon in previously characterized trpEG plasmids from Buchnera of the Aphididae suggests that a
replacement of replicons has occurred during the evolution of these plasmids, which may point to a common

ancestry for all Buchnera trpEG amplifications.

Aphids are dependent on an intracellular symbiont (Buch-
nera aphidicola, Proteobacteria) for normal growth and repro-
duction (7, 19, 45). The bacteria reside in specialized cells in
the aphid hemocele and are transmitted maternally through
infection of eggs or embryos (11, 26). Phylogenetic studies
have revealed two major characteristics of the evolutionary
history of the association (37, 39); (i) the symbiosis had a single
origin, dated about 150 million to 250 million years ago; and
(ii) host and symbiont lineages have since diverged strictly in
parallel. The association, like other symbioses in insects feed-
ing on restricted and unbalanced diets, is thought to have a
nutritional basis (5-7, 20). Aphids feed on plant phloem sap, a
diet rich in carbohydrates but deficient in nitrogenous com-
pounds, including most essential amino acids (16, 18, 27, 41).
Buchnera has been proposed as the source of essential amino
acids for the aphid (14), which has been supported by evidence
from nutritional and physiological studies (17, 20-22, 45) and,
more recently, by the finding of genetic modifications in the
tryptophan and leucine biosynthetic pathways in Buchnera
from several aphid species. In both cases, genes encoding key
enzymes in the respective pathways were found to be amplified
and relocated to plasmids (10, 30).

Lai et al. (30) found that the genes for the two subunits of
anthranilate synthase (rpE and #7pG), the first enzyme in the
pathway leading to tryptophan, are contained on a low-copy-
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number plasmid in Buchnera from the aphid Schizaphis grami-
num (Aphididae). The plasmid consisted of four identical tan-
dem repeats of a 3.6-kb #rpEG-containing unit. tpEG was
amplified about 16-fold over the remaining genes of the path-
way, which reside in a single locus [trpDC(F)BA] on the Buch-
nera chromosome (38). trpEG-encoding plasmids have since
been found in Buchnera from various species of the Aphididae
(4, 32, 42, 43), and their overall similarity suggests that the
amplification is ancestral to this lineage (32). The Aphididae is
the largest and evolutionarily most successful family of aphids.
Many of its species have high growth and reproductive rates,
and it includes a number of major agricultural pests (8).

In contrast, Buchnera from the aphid Schlechtendalia chinen-
sis, a member of the distantly related family Pemphigidae, was
found to carry all the genes of the tryptophan pathway on the
chromosome, organized into two single-copy linkage groups
[trpEG and trpDC(F)BA] (31). This difference in organization,
which is assumed to reflect a difference in the capacity to
overproduce tryptophan, has been linked to potentially varying
requirements for the amino acid by aphid hosts. S. chinensis
has a long development time and a low reproductive rate, and
its demand for tryptophan may therefore be lower than in the
highly prolific aphids of the Aphididae (5-7, 9, 31).

Here we report on the finding and molecular characteriza-
tion of rpEG-containing plasmids in Buchnera from the aphids
Tetraneura caerulescens and Pemphigus spyrothecae, both be-
longing to the Pemphigidae. We propose a scenario for the
evolution of trp in Buchnera in which there was a single ances-
tral transfer of rpEG to a RepA/C-like replicon followed by
independent events of replicon replacement and back-transfer
of rpEG to the chromosome in different lineages.
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MATERIALS AND METHODS

Aphid material and B. aphidicola. Leaves carrying galls produced by the aphid
P. spyrothecae were collected from poplar trees (La Yesa, Spain). T. caerulescens
was collected from galls on elm trees (Bugarra, Spain). The galls were kept at 4°C
until needed for further manipulation of the animals.

General methods. Buchnera plasmid and genomic DNA was isolated as pre-
viously described (49). DNA was manipulated by standard methods (2, 44).
Southern hybridizations were done with either digoxigenin-labeled probes
(Boehringer Mannheim) or the enhanced chemiluminescence (ECL) system
(Amersham), as specified by the manufacturers.

Cloning and seq ing. Cloning of B. aphidicola (T. caerulescens) plasmid
DNA has been described previously (49). One clone with an EcoRI insert of 3.0
kb was completely sequenced. Populations of aphids from the Pemphigidae are
often small, and only a limited number of P. spyrothecae animals could be
collected. Consequently, the total amount of plasmid DNA available for exper-
iments was reduced and a shotgun-cloning approach was taken to maximize
cloning efficiency. Approximately 30 ng of B. aphidicola (P. spyrothecae) plasmid
DNA was digested with Xbal and ligated to Xbal-digested, phosphatase-treated
pBluescript IT SK (Stratagene). After transformation of Escherichia coli DH5«
with the ligation and screening of recombinant colonies, clones carrying inserts
of 2.1 and 1.8 kb were analyzed by restriction enzyme digestion and end sequenc-
ing (see Fig. 4A). All the clones were identical, and one clone of each size was
completely sequenced. Sequence information obtained from these clones was
used to design oligonucleotide primers complementary to repAC and trpE that
would allow the PCR amplification of a region spanning a 1.5-kb Xbal fragment
that had remained uncloned during shotgun cloning (repACPs1,5'-AGA GCA
ATG AAA AAC GCT TCT CG-3'; and trpEPs1,5'-TCA GGT GAC GCT CCA
AAT AAG G-3'). Cycling was performed with the GeneAmp 2400 System
(Perkin Elmer) and consisted of 5 cycles of 94°C for 30 s, 62°C for 1 min, and
72°C for 1 min followed by 30 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for
30 s, with a final 10-min extension at 72°C. The PCR yielded fragments of 1.53
and 1.70 kb, which were ligated into a T vector (36) and transformed into E. coli
XL1Blue (Stratagene). Two clones with inserts corresponding to the sizes of the
two PCR fragments were completely sequenced (see Fig. 4A). Nested deletions
of all selected cloned fragments were generated in both directions by using
the nested deletions kit (Pharmacia). Nucleotide sequencing was performed
with the AmpliTaqF Dye Deoxy Terminator cycle-sequencing kit (Perkin Elmer)
and the 373 automated DNA sequencer (Perkin-Elmer) as recommended by the
manufacturer.

Quantitative hybridization. The ratio between the copy number of the 1.8- and
2.1-kb Xbal fragments per plasmid was determined by densitometric scans of
Southern blots containing eight Xbal digests of B. aphidicola (P. spyrothecae)
total DNA and hybridized with a probe containing #7pG and repAC;. Scanning
was performed with a Gelstation (TDI) image analyzer, and images were ana-
lyzed with the Intelligent Quantifier Bioimage software (Bio Systems Corp.).

Serial partial digestion of B. aphidicola (P. spyr ) total DNA. B. aphid-
icola (P. spyrothecae) total DNA was first digested to completion with Accl and
Sacl to remove most of the single-copy region from the plasmid that contained
an Xbal site. Partial digestions with serial dilutions of Xbal were then performed
by the method of Ausubel et al. (2), starting with 5 U of enzyme and using
approximately 200 ng of DNA per digest. Controls included DNAs digested to
completion with Xbal, Accl, Sacl, and Accl plus Sacl. Electrophoresis was
performed overnight on 0.5% agarose gels in 0.5 X Tris-borate-EDTA at 1.2
V/em and was followed by Southern blotting. Hybridization was done with the
cloned 1.8-kb Xbal fragment as a probe. We used 1-kb ladder DNA (Gibco-
BRL) and HindIlI-digested X DNA as molecular weight markers.

Computer analysis of the DNA sequences. DNA sequence data were assem-
bled and analyzed with the Genetics Computer Group (GCG) program package
8.0 for the VAX/VMS (15). BLASTP searches (1) were done at the network
server of the National Center for Biotechnology Information. Phylogenetic anal-
ysis of amino acid sequences was performed with the PROTDIST (Dayhoff PAM
distances) and the NEIGHBOR (neighbor-joining method) programs as imple-
mented in PHYLIP version 3.5 (23).

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this paper have been deposited in the GenEMBL databases under
accession no. AJ012333 and AJ012334 (PBTc2 and PBPs2, respectively).

RESULTS

Detection of plasmids. B. aphidicola (T. caerulescens) has pre-
viously been shown to carry a small, cryptic plasmid (pBTcl,
1.74 kb) that contained the repA, replicon (related to IncFII
plasmids) found in leucine plasmids (49). Restriction enzyme
analysis of plasmid DNA preparations from this species indi-
cated the presence of a second plasmid of about 3 kb. Similar
observations were made with plasmid DNA isolated from B.
aphidicola (P. spyrothecae) (48). Plasmid DNA preparations
from both species were here further analyzed by Southern hy-
bridization, cloning, and nucleotide sequencing. The two natu-
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FIG. 1. Linearized physical maps of B. aphidicola trpEG plasmids. All genes
are transcribed in the rightward direction. Open arrowheads indicate the ap-
proximate position and orientation of DnaA boxes. (A) Restriction site and
genetic map of pBTc2 from B. aphidicola (T. caerulescens). The region denoted
ori? contains the putative origin of replication. Restriction enzyme sites: X, Xbal;
B, Bglll; E, EcoRI. (B) Genetic maps of the repeated units of B. aphidicola
(Aphididae) #rpEG plasmids (adapted from reference 42 with permission from
the publisher). B(sp.), species names (see below); trpEG/p, number of repeat
units per plasmid (42); ori-3.6, putative origin of replication; W, repeat units
containing #7pEG pseudogenes (32); striped box and WrepAC, location of a
putative repAC pseudogene; open rectangle, 19-bp element similar to consensus
sequence of RepA/C iterons. Species abbreviations: Dn, Diuraphis noxia; Ap,
Acyrthosiphon piseum; Sg, Schizaphis graminum; Rp, Rhopalosiphum padi; Rm,
Rhopalosiphum maidis.

ral plasmids described below are designated pBTc2 and pBPs2,
after their source B. aphidicola (T. caerulescens) and B. aphid-
icola (P. spyrothecae, respectively.

Characterization of pBTc2. An EcoRI shotgun cloning of
B. aphidicola (T. caerulescens) plasmid DNA yielded four re-
combinants with an insert of 3.0 kb. Restriction fragment anal-
ysis showed these to be identical, and one clone was completely
sequenced. A physical map of plasmid pBTc2 is presented in
Fig. 1A. The G+C content of the 3.0-kb fragment is 20.74
mol%, which is similar to the 21.2 mol% of plasmid pBTcl
from this species (49) and is consistent with the low G+C
content (28 mol%) of Buchnera genomic DNA (28). Two open
reading frames (ORFs) were found, which correspond to rpE
and #pG. The deduced amino acid sequences are 52 and 53%
identical to TrpE and TrpG, respectively, from Buchnera of the
phylogenetically treated aphid S. chinensis (Pemphigidae). Po-
tential regulatory elements for gene expression (33) could not
be identified.

Most trpEG-containing plasmids of Buchnera from aphids of
the family Aphididae share a conserved 500- to 600-nucleotide
(nt) sequence immediately upstream of #rpE which has features
characteristic of an origin of replication (29). The region has
been designated ori-3.6 and contains three DnaA boxes (con-
sensus 5'-TTATCCACA-3") and regions of low G+C content
(Fig. 1B) (43). A similar region, 717 nt in length, is present
downstream of rpE on pBTc2 and may therefore contain the
origin of replication of the plasmid. It has a very low G+C
content (11 mol%) and contains five DnaA boxes in direct
orientation, only one of which deviates by a single nucleotide
from the consensus sequence. Beyond a high A+T content, the
region has no further sequence similarity to ori-3.6.

B. aphidicola (Aphididae) rpEG plasmids are typically com-
posed of tandemly repeated, identical 3.2- to 3.6-kb units, each
carrying a copy of rpEG and ori-3.6 (42, 43). To determine the
composition of pBTc2, a Southern hybridization analysis was
performed of various EcoRI-digested and undigested B. aphid-
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FIG. 2. Southern blot analysis of EcoRI-digested (E) and undigested (u)
B. aphidicola (T. caerulescens) DNA preparations. Cloned pBTc2 was used as a
hybridization probe. The different forms of the putative plasmids are marked:
open circular (oc), linear (L), and covalently closed circular (ccc).

icola (T. caerulescens) DNA preparations, using cloned pBTc2
as a probe. For each preparation, two strongly hybridizing
bands were detected in lanes with undigested DNA and a
single strong band was detected in lanes with EcoRI-digested
DNA (Fig. 2). These three bands correspond to, respectively,
the open-circular, covalently closed supercoiled, and linear
forms of a plasmid of 3.0 kb. In addition, three larger, more
weakly hybridizing bands were detected in undigested DNAs.
Their sizes correspond to the different forms of a plasmid of
6.0 kb. EcoRI digestion converted all the different forms into a
single linear fragment of 3.0 kb. These findings suggest that
pBTc2 consists mainly of one copy of the sequenced 3.0-kb unit
but that a fraction of the plasmid population is present as a
dimer. In one preparation, molecules of an even higher mo-
lecular weight were detected (Fig. 2, right lane), indicating that
further multimerization of the plasmid occurs.

Identification of pBPs2. Restriction enzyme analysis of a
plasmid DNA preparation from B. aphidicola (P. spyrothecae)
indicated the presence of at least two plasmids. One of these
(pBPs2) was larger than 12 kb as estimated from the migration
of bands of undigested plasmid DNA in ethidium bromide-
stained agarose gels. Analogous to rpEG plasmids of B. aphid-
icola (Aphididae), it seemed to be composed of repeated ele-
ments, because summation of three restriction fragments
generated with Xbal (2.1, 1.8, and 1.5 kb) added up to only 5.4
kb. Moreover, the 1.8-kb band stained more intensely than the
other two fragments. Southern hybridization with a #pG-con-
taining probe revealed that the plasmid carried sequences ho-
mologous to #7pG and reinforced the assumption that it was
composed of repeated elements (Fig. 3). Accl and Pvull each
yielded a single, slightly blurred band of 13 to 15 kb, while
EcoRI, Pstl, Scal, and Xhol yielded two bands, one of which
also migrated at about 13 kb and the second of which migrated
at more than 23 kb. Digests with EcoRV, Clal, and Xbal
yielded either one or two bands migrating at 1.5 to 2.1 kb.
These hybridization patterns were at first explained in terms of
the 13- to 15-kb Accl and Pvull bands representing the linear
form of the putative plasmid. The fact that the plasmid could
be linearized, in contrast to most previously characterized
trpEG plasmids (42), implied that it contained a single-copy
region in addition to repeated elements. Recognition sites for
EcoRI, Pstl, Scal, and Xhol are absent from the plasmid, and
hence the two detected bands correspond to the open-circular
(at 23 kb) and the comigrating linear and closed-circular forms
of a 13- to 15-kb plasmid. Finally, recognition sites for EcoRV,
Clal, and Xbal are present in the repeated part of the plasmid
and hence convert it into the constituent repeat units.

Cloning and sequencing. B. aphidicola (P. spyrothecae) plas-
mid DNA was shotgun cloned with Xbal. Screening of 108
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recombinant colonies showed that 10% of plasmids had an
insert of 2.1 kb and 20% had an insert of 1.8 kb, corresponding
in size to the two Xbal fragments detected in the Southern
hybridization (Fig. 3). The 1.5-kb Xbal fragment, initially de-
tected in agarose gels, was not found. Restriction enzyme anal-
ysis and end sequencing of the recombinant plasmids sug-
gested that all clones of the same size were identical and one
of each group was completely sequenced (Fig. 4B).

The 2.1-kb fragment contained three ORFs, the first two of
which corresponded to the 3’ half of #7pE and a complete copy
of trpG, with the stop and start codons of the two genes over-
lapping. BLASTP homology searches with the putative product
of the third ORF yielded a high probability score (i.e., 893)
with the N-terminal part of replication initiation protein RepA
encoded by E. coli plasmid RA1, which belongs to the broad-
host-range IncA/C incompatibility group (34). The amino acid
sequences were 69% identical over the first 243 positions. The
B. aphidicola (P. spyrothecae) gene is designated repAC;. The
1.8-kb fragment also contained three ORFs, the first of which
was similar to the gene encoding the C-terminal part of the
same RepA protein that was lacking from the 2.1-kb fragment.
Because the coding sequences are in frame, the two fragments
are most probably contiguous on the plasmid. The second
OREF corresponded to a complete copy of the #pG gene, and
the third ORF, again, corresponds to the gene encoding the
N-terminal part of RepA. Both sequences were completely
identical to the homologous sequences in the 2.1-kb fragment.

The 2.1-kb Xbal fragment contained single Accl and Sacl
restriction sites (Fig. 4A). Since the former enzyme was at first
assumed to linearize the plasmid, this implied that the frag-
ment contained part of a single-copy region of the plasmid.
However, neither of the two sequenced fragments contained a
restriction site for Pvull, suggesting that this site had to be
present in the uncloned 1.5-kb Xbal fragment and, hence, that
the 1.8-kb fragment represented the repeated unit of the plas-
mid. In addition, the uncloned 1.5-kb Xbal fragment was ex-
pected to contain the missing 5’ end of the #rpE gene and
possibly the 3’ end of a repAC gene. Oligonucleotide primers
complementary to #rpE and repAC, that would allow the am-
plification of this fragment were designed (Fig. 4A).

PCR yielded two products, which were 1.53 and 1.70 kb in
size. After cloning, one recombinant plasmid from each size
group was completely sequenced on both strands (Fig. 4B).
Both fragments contained the 3’ end of a repAC gene and the
missing 5’ part of #pE, as well as a single Pvull site. However,
the 3’ end of the repAC sequences differed slightly from the
homologous sequence of the 1.8-kb Xbal fragment. The latter
contained only one copy of a 19-bp element (5'-CAACAAAC
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FIG. 3. Southern blot analysis of B. aphidicola (P. spyrothecae) plasmid DNA.
Hybridizations were performed with a probe complementary to pG. Restriction
enzymes: A, Accl; P, Pvull; B, BamHI; H, HindIIl; V, EcoRV; C, Clal; X, Xbal,;
E, EcoRI; T, PstI; K, Scal; O, Xhol. oc, open circular; L, linear; ccc, covalently
closed circular.
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FIG. 4. Physical map of cloned and sequenced portion of pBPs2 from B. aphidicola (P. spyrothecae). (A) Restriction site and clone map. Double-headed arrows,
cloned Xbal restriction fragments; arrows, oligonucleotide primers used for PCR; dotted line, cloned PCR product. Restriction enzyme sites: A, Accl; P, Pvull; S, Sacl;
C, Clal; V, EcoRV. (B) Genetic map. All genes are transcribed in the rightward direction. The region denoted ori? contains the putative origin of replication. Arrows,
19-bp iteron unique to pBPs2; arrows between brackets illustrate the copy number of the same iteron in the 1.70-kb PCR fragment; open rectangle, 19-bp element
differing in one nucleotide from consensus sequence of RepA/C iterons; triple strip, 129-bp sequence identical to the 3" end of tpE.

TATAAAAAAAA-3"), located 30 nt upstream of the stop
codon TAA (Fig. 4B). In the smaller of the two PCR products,
this element occurred at exactly the same position within the
coding sequence but was directly followed by three additional
copies, the second of which contained the stop codon (TAA) of
repAC. The 1.7-kb PCR product contained 12 copies of the
element. Since the third copy again included the stop codon,
the repAC coding sequences of the two PCR products were
identical, and this variant of the gene is designated repAC.,.
The presence of a repeated 19-bp element resembles the iter-
ons found in the origin of replication of the RepA/C replicon
of plasmid RA1 (34). The difference of eight copies of this
element in the region downstream of repAC, explains the size
difference of about 160 bp between the two PCR products.
This length variation most probably reflects a heterogeneous
plasmid population within our DNA preparation (see below).

The total length of the three assembled contiguous frag-
ments, including the sequence derived from the smaller, 1.53-
kb PCR product, is 5,477 bp (Fig. 4B). The sequence has a
G+C content of 25.6 mol% and 85% is occupied by putative
ORFs. In contrast to pBTc2, putative —35 (TTGAC) and —10
(AGTTAA) promoter elements could be identified, 125 bp
upstream of #rpE. The elements are separated by 16 bp and
resemble previously identified Buchnera promoters (32). A sec-
ond possible —10 box (TAACTA), which is identical to the
E. coli trp —10 sequences (33), was found overlapping 3 bp with
the first. The intergenic region between repAC; and trpG con-
tained a 129-nt sequence that was identical to the 3’ end of
trpE. Similar “remnants” of #rpE have been described for the
trpEG plasmid of B. aphidicola (Uroleucon sonchi) (4). The
intergenic region between repAC, and trpE was highly AT rich
(85 mol%) and contained one copy of a 19-bp element (5'-T
ATATGGGAATGTTGCACA-3’) that differs in only one po-
sition from the consensus sequence (5'—AT-TGGG---G-TG-
CACG-3’) of a 13-copy iteron described for the origin of
replication of E. coli plasmid RA1 (Fig. 4B) (34, 35). In addi-
tion, ori of this replicon contains one copy of a DnaA box. This
element was absent from our sequence, but it may not be
required for replication (40). The high A+T content and sim-
ilarity with respect to the presence of iterons suggest that the
repAC -trpE intergenic region contains the origin of replication
of pBPs2.

Structure of pBPs2. To establish the overall structure of the
plasmid, we performed the following experiments. First, quan-
titative hybridizzations were carried out to determine the rel-
ative abundance of the two Xbal fragments detected in the
initial hybridizations (Fig. 3). Densitometric assays of Southern
blots containing Xbal digested plasmid DNA indicated that the
1.8-kb fragment was 5.19 = 0.97 times more abundant than the
2.1-kb fragment (data not shown). A copy number of 5 or 6 of
the 1.8-kb fragment relative to one copy each of the 2.1- and
1.5-kb fragments adds up to a plasmid size of either 12.8 or
14.6 kb, which was in good agreement with the initial estima-
tions. Second, partial Xbal digestions of plasmid DNA predi-
gested with Accl plus Sacl resulted in a ladder of bands in
which each step consisted of two bands differing 200 bp in size
(Fig. 5A). The size difference between the double steps corre-
sponded exactly to multiples of 1.8 kb plus 1.6 kb and multiples
of 1.8 kb only. These findings were in agreement with the
expectation based on the restriction site map (Fig. 4A), the
1.6-kb fragment resulting from the Sacl site in the 2.1-kb Xbal
fragment.

Control digestions with Accl and Sacl revealed that the
plasmid population was in fact heterogeneous and was com-
posed of molecules of different sizes. A single digestion with
Sacl, which linearizes the plasmid, yielded a short ladder of
bands, differing in size by steps of 1.8 kb (Fig. 5A). The two
most strongly hybridizing bands were 12.8 and 14.6 kb, corre-
sponding to molecules containing either five or six copies of the
1.8-kb Xbal repeat, respectively. Four more weakly hybridizing
bands measured approximately 18.2, 16.4, 11.0, and 9.2 kb,
corresponding to molecules containing 8, 7, 4, and 3 copies of
the same unit. A similar ladder of bands was observed for Accl,
although all the bands were 1.3 kb smaller, which is consistent
with the presence of two sites, 1.3 kb apart, in the single-copy
region of the plasmid (Fig. 4A). Superimposed on the length
variation due to differences in repeat number is the length
variation accounted for by the difference in copy number of the
19-bp direct repeat downstream of repAC,. The inferred over-
all structure of a plasmid containing five tandem repeats of the
1.8-kb Xbal unit is presented in Fig. 5B.

Similarity between pBPs2 repAC and B. aphidicola (Rhopa-
losiphum) trpEG plasmids. The single-copy region between
repAC, and trpE of pBPs2 was found to share similarities with
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FIG. 5. (A) Southern blot analysis of partial digestion of AccI-SacI-digested
B. aphidicola (P. spyrothecae) DNA by using serial dilutions of Xbal. Lanes: 1 to
8, digestions with 5.0, 2.5, 1.24, 0.63, 0.31, 0.16, 0.08, and 0.04 U of Xbal,
respectively, for 15 min. X, A, S, control digestions performed to completion (X,
Xbal; S, Sacl; A, Accl. Arrows indicate the two principal forms of the plasmid.
(B) Proposed structure of pBPs2 from B. aphidicola (P. spyrothecae) containing
five tandem repeats of a 1.8-kb unit. Boxes with a similar pattern represent
identical genes. All genes are transcribed in a clockwise direction. The region
denoted ori? contains the putative origin of replication. Arcs correspond to
restriction fragments removed from molecules with Accl and Sacl before partial di-
gestion experiment with Xbal. The restriction enzyme sites shown are as in Fig.
4A.

the origin of replication of plasmid RA1, but no significant
similarities to the 500- to 700-nt putative ori of pBTc2 or the
B. aphidicola (Aphididae) #pEG plasmids were observed.
However, a comparison of the repAC sequence to the latter
group of plasmids revealed a striking similarity (73% identical
positions in a 955-bp overlap) to the region immediately up-
stream of ori-3.6 of the B. aphidicola (R. maidis) plasmid (Fig.
1B). Analysis of the recent update of this sequence (provided
by P. Baumann) showed that this plasmid in fact carries a
potentially intact repAC gene, whose deduced amino acid se-
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quence was 71% identical to the two pBPs2 RepAC sequences
and 64% identical to the plasmid RA1 homologue (Fig. 6). In
addition, the 19-bp element (5'-TATATGGGAATGTTGCA
CA-3') present in a single copy in the putative ori of pBPs2 and
in 13 copies in the ori of RA1 (34, 35) also occurs in the ori of
B. aphidicola (R. maidis) plasmid, with only a 1-bp difference
from the pBPs2 sequence.

A subsequent comparison of B. aphidicola (R. maidis) repAC
to the region upstream of ori-3.6 from the closely related
B. aphidicola (R. paid) trpEG plasmid yielded a similarity of
71% in an 843-bp overlap. The latter sequence, however, did
not contain an uninterrupted reading frame. A putative rem-
nant of the 19-bp element (5'-TATACGAGAATAGTGCAC
A-3") was also found in exactly the same position as in the
B. aphidicola (R. maidis) sequence. The similarity of repAC to
the upstream region of ori in trpEG plasmids from other spe-
cies was much lower (44 to 59%), and the 19-bp element or
remnants thereof could not be identified. Nevertheless, the
high sequence similarity in B. aphidicola (Rhopalosiphum) sug-
gests that at least the B. aphidicola (R. padi) sequence contains
an repAC pseudogene. This mode of gene silencing has a well-
documented precedent in the #rpEG plasmids of Buchnera
from the aphids Diruaphis noxia (32) and Uroleucon sonchi (4).
Both plasmids carry only one functional copy of #pEG, in
addition to a variable number of repeat units containing rpEG
or trpE pseudogenes.

The multiple alignment further illustrates differences among
the termini of the RepA sequences (Fig. 6). RepA from plas-
mid RA1 has an additional 33 residues at its N-terminal end,
while the B. aphidicola (P. spyrothecae) sequences are longer at
their C-terminal end. Remarkably, however, a high similarity
to the RA1 sequence is retained at the nucleotide level after
the stop codon, in the second reading frame of the RA1 se-
quence. The similarity drops immediately after the stop codon
of the pBPs2 repAC sequences. Because it is unlikely that
Buchnera would have retained such a high similarity in a non-
coding sequence, it is possible that the published RA1 se-
quence contains a sequencing error. A reestimation of the size
of RepA in the sodium dodecyl sulfate-polyacrylamide gel
electrophoresis analysis of Fig. 2 of Llanes et al. (35) yielded a
molecular mass of 42 kDa, in contrast to the 35-kDa estimate
reported by the authors. Our estimate corresponds exactly to a
RepA protein of 366 residues (Fig. 6).

TrpEG phylogenetic relationships. A phylogenetic analysis
of Buchnera TrpE and TrpG sequences was conducted to as-
sess the relationships of the newly sequenced genes. In accor-
dance with previous 16S rDNA phylogenies (39, 49), the TrpG
sequences from the B. aphidicola (Pemphigidae) form a cluster
(Fig. 7). In the TrpE analysis, the outgroup sequences (E. coli
and Salmonella typhimurium) rooted the tree within the
B. aphidicola (Pemphigidae). The branch lengths of the group-
ings around the root were relatively short, particularly in
the TrpE phylogeny, while the longer branches leading to
the B. aphidicola (T. caerulescens) sequences indicate that the
substitution rate in this lineage has been higher than in any of
the other lineages.

DISCUSSION

Recent genetic studies have substantiated the importance of
essential amino acid biosynthesis by B. aphidicola in its symbi-
otic association with aphids (7, 10, 30, 49). To date, rearrange-
ments in the pathways leading to tryptophan and leucine re-
main the sole genetic modifications found in Buchnera that are
indicative of a specific, enhanced biosynthetic capability (5-7,
12). However, amplification of the genes (rpEG) encoding
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Ps_RepACl —r-—~——-- - mmmmmmm—mm—mmmmmmmm oo MLLFKILQSKFKKDEYSNTIELYDAIPKYVWNQKKENV-NLSNAIIIR 47
PS_RepAC2 —=---—-m e e e MLLFKILQSKFKKDEYSNTIELYDAIPKYVWNQKKENV-NLSNAIIIR 47
Rm_RepAC  -------------——ommmmmmmm e - --MGLFIEPVSVFKENEYSKSIEIYDSIPKYVWNRKKIKTNNASNAIIIR 48
RA1_RepAC MDHQLESINGTIMSKRTKDKDLEKLDVIKDSPQMSLFEITESPAKKDDYSNTIEIYDALPKYIWDQKREH-EDLSNAVVTR 80

* kK * *:: ** ** ** *** * . :*: : : *** . *
Ps_RepAC1l DCNLRGKRFLIKIKPAITEKKKFNTELIYPGQREEILEDVLRKLAVEGKGKIIDGKAGVIFTLYELQKELIKVGHGYNLNE 128
Ps_RepAC2 DCNLRGKRFLIRIKPAITEKKKFNTELIYPGQREEILEDVLRKLAVEGKGKIIDGKAGVIFTLYELQKELIKVGHGYNLNE 128
Rm_RepAC KTSIRGKKFLIKVKPAITIEKKNFKTILIYPGQREEIIEDALRKIAVDGNGKIIQGKAGVIFTLYQLOKELIKTGHGYNLNE 129
RA1_RepAC QCSIRGQQOFTVKVKPAIIEKDDGRTVLIYAGQREEILEDALRKLAVNGKGHIIEGKAGVMFTLYELQKELSKMGHGYNLTE 161
:**::* :*:*******.. .* ***.******:**.***:**:*:*:**:*****:****:***** * ******'*
Ps_RepACl IKEAIQVCQGSTLECISNDKKVFISSSFFPVISLTTKKFLTTNKNKGICYIQFNPLVNHAINNLSFRQYNYTTGMQIRSPL 209
Ps_RepAC2 IKEAIQVCQGSTLECISNDKKVFISSSFFPVISLTTKKFLTTNKNKGICYIQFNPLVNHAINNLSFRQYNYTTGMQIRSPL 209
Rm_RepAC IKEAIAICRGATLECITEDGRIFISSSFFPLIELRKRDNFEQNTK---CYVQFNPLVNSSIINCSFKQYNYTVCMQIHSPL 207
RA1_RepAC 4IKEAIQVCRGATLECISDDGEAFISSSFFPMVGLTTRGEFRKKGGNARCYVQFNPLVNESIMNLSFRQYNYKIGMQIRSPL 242
* ok kkk * * * ok k kK o :* ******** : * ** *kkkkkk * * ** **** *** * k k
Ps_RepACl ARYMYKRMSHYWVQAHKLSPYTPSLISFLNCSSRELSLRISENIRA-MKNALDILIKKKVINSYKSNKKKYGRKIIDVKYV 288
Ps_RepAC2 ARYMYKRMSHYWVQAHKLSPYTPSLISFLNCSSRELSLRISENIRA-MKNALDILIKKKVINSYKSNKKKYGRKIIDVKYV 289
Rm_RepAC ARYIYKRMSHYWIQAHQKFPYTPSLVSFLNYSSRDLSKRMSENIRA—MKNALQLLIKKKE ————————————————————— 265
RA1_RepAC ARYIYKRMSHYWTQASPDSPYTPSLISFLTQSPRELSPRMPENVRP!MKLALEALIKQEVISDYDANQIKDGRKVIDVRYV 288/(322)
***:**t***** * K ******:***_ *_*:** *:'**:*' * % **: ***::**._*‘:*: * ***:***:**
Ps_RepACl IIPHHNFVKQIMRSNKKKQQTIKKALKIKFNMLSR(— -~ =~==~=- 323
Ps_RepAC2 IIPHHNFVKQIMRSNKKKQQOTIKKTTNYKKNNKIM- -~ ~~~=~=— 323

RM_REPAC === = mm = oo o

RA1_RepAC (366)

hookk ckkkkk ok KKK kKKK

IRPHENFVKQVMASNKRKQQTELRAIKHGT IDHDII DERQSKGRE

FIG. 6. Multiple alignment of translations of repAC-like sequences. Black background indicates stop codons (x). The C-terminal residues differing between RepAC,
and RepAGC, are shown in boldface type. Ps_RepAC, repAC of pBPs2; Rm_RepAC, repAC of tpEG plasmid of B(R. maidis); RA1_RepAC, repAC of E. coli plasmid RA1.

anthranilate synthase has until now only been reported for
Buchnera from the highly proliferous species of the Aphididae.
Here we present the first report on Buchnera trpEG-encoding
plasmids from aphids not belonging to the Aphididae.

Properties of B. aphidicola (Pemphigidae) trpEG plasmids.
B. aphidicola (T. caerulescens) carried a 3.0-kb plasmid (pBTc2)
which resembled the #pEG plasmids found in Buchnera from
the Aphididae. With the exception of the B. aphidicola (R. mai-
dis) plasmid (see below), none of these plasmids encodes pro-
teins potentially involved in replication. The distinctive fea-
ture of their putative origin of replication is the presence of
multiple DnaA boxes. B. aphidicola (P. spyrothecae) con-
tained #7pEG-encoding plasmids (pBPs2) with a gene content
and putative replicon different from those described above,
including a putative replication gene that was highly similar to
the replication initiation gene repA of the RepA/C replicon
from E. coli plasmid RA1 (34) (Fig. 6). The origin of replica-
tion of the RepA/C replicon is located downstream of repA4 and
contains iterons, which serve as binding sites for RepA and are
required for replication. pBPs2 contains 4 or 12 copies of a
19-bp iteron that overlap the 3’ end of the repAC, gene and the
downstream putative origin of replication (Fig. 4B). The se-
quence of this iteron was unique to pBPs2, but it also carries a
single copy of the 19-bp element that constitutes the iteron of
RepA/C.

Besides carrying multiple copies of this replication gene, a
noticeable feature of pBPs2 is the amplification of #pG over
trpE. This only further occurs in the trpEG plasmid of B. aphid-
icola (U. sonchi) (4). Similar to this plasmid, #rpG in the repeat
unit of pBPs2 is preceded by a remnant of #pE (Fig. 4B). This
suggests either that a region containing only the 3" end of #pE
was initially duplicated or that after the initial duplication of an
entire repAC-trpEG unit, trpE was silenced through deletion. In
either case, we suspect that the amplification is merely a by-
product of recombination. A functional explanation would have
to invoke an involvement of TrpG in a pathway other than

tryptophan biosynthesis. In some bacteria, including Pseudo-
monas acidovorans, Bacillus subtilis, and Acinetobacter calco-
aceticus (13), TrpG participates in both anthranilate synthase
and p-aminobenzoate synthase activities. The latter enzyme
synthesizes p-aminobenzoate, which is a component of the
vitamin folic acid (50). In most other bacteria, however, in-
cluding the closest known relative of Buchnera, E. coli (47), this
activity is provided by a different though significantly similar
protein (PabA) (13).

Structural variation of #rpEG plasmids. The most conspic-
uous characteristic of Buchnera trpEG plasmids is their struc-
tural fluidity. B. aphidicola (Aphididae) contains plasmids of a
concatenate structure, consisting of 4 to 10 tandem duplica-
tions of a basic, 3.6-kb #/pEG-containing unit (42). Exceptions
are B. aphidicola (R. maidis), which contains a plasmid con-
sisting of only one 3.6-kb unit (42), and B. aphidicola (D. noxia)
and B. aphidicola (U. sonchi), which carry plasmids consisting
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TrpE ap ¥ R L i, 2 Rp
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FIG. 7. Phylogenetic trees constructed by the neighbor-joining method (23)
from estimated distances between TrpE and TrpG sequences. Species designa-
tions: Ec, Escherichia coli; St, Salmonella typhimurium; Ps, B. aphidicola (Pem-
phigus spyrothecae); Tc, B. aphidicola (Tetraneura caerulescens; Sc, B. aphidicola
(Schlechtendalia chinensis); Dn, B. aphidicola (Diuraphis noxia); Ap, B. aphidi-
cola (Acyrthosiphon pisum); Sg, B. aphidicola (Shizaphis graminum); Rp, B. aphid-
icola (Rhopalosiphum padi); Rm, B. aphidicola (Rhopalosiphum maidis).
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of one 3.2-kb unit encoding a functional copy of TrpEG and a
variable number of repeat units carrying #rpEG pseudogenes
(4, 32). The plasmid population in B. aphidicola (T. caerule-
scens) was composed mainly of molecules containing a single
3.0-kb trpEG unit, but Southern hybridization indicated the
presence of multimers (Fig. 2).

The molecular basis of concatenation in these plasmids is
unknown, but it is likely to be initiated by multimerization,
which involves homologous recombination between plasmid
monomers (25, 46). An indication that recombination (and
mismatch repair) occurs in the #pEG plasmids comes from the
observation by Lai et al. of gene conversion among #rpEG
pseudogenes (32). Multimerization of low-copy-number plas-
mids increases the chance of their loss at cell division (46).
Several maintenance systems are known to counteract this risk,
including multimer resolution and partitioning systems (46,
51). There is no evidence for the presence of such systems on
the pEG plasmids. However, stable inheritance may not be
essential if selection for #7/pEG copy number does not act pri-
marily on individual cells. In its intracellular environment, the
slowing dividing Buchnera (3) may be viable with a reduced
number of #7pEG plasmids or even with none. This could shift
the need for plasmid stability in individual cells to the need for
partitioning bacteria with an adequate genetic composition to
the next generation of aphids. We speculate that selection
acting at this higher level underlies the observed structural
variability of Buchnera trpEG plasmids.

Phylogenetic analysis of TrpEG. The fact that pBTc2 was
more similar to the B. aphidicola (Aphididae) #rpEG plasmids
than to pBPs2 raised the possibility that B. aphidicola (T. cae-
rulescens) acquired its plasmid through horizontal transfer.
Phylogenetic analysis, however, showed that the plasmid-borne
sequences of B. aphidicola (T. caerulescens) and B. aphidicola
(P. spyrothecae) are most closely related to the chromosomal
TrpEG sequence of B. aphidicola (S. chinensis) (Fig. 7). This
refutes horizontal acquisition of pBTc2 by B. aphidicola (T. cae-
rulescens). The slight incongruence at the root between the
TrpE and TrpG topologies can be attributed to an accelerated
substitution rate in B. aphidicola (T. caerulescens), causing its
long branch to be “artifactually attracted” (24) by the B. aphid-
icola (Aphididae) sequences in the case of the TrpE phylogeny.

Replicons in Buchnera trpEG plasmids. Two replicons are
possibly linked to the amplification of ##pEG: (i) a RepA/C-like
replicon, in which replication is most probably initiated by
plasmid-encoded RepAC, and (ii) an ori-3.6-like replicon,
which is characterized by the presence of multiple DnaA boxes
in the ori and for which DnaA is thought to be involved in
initiation of replication (30, 42, 43). After the discovery of
RepA/C in B. aphidicola (P. spyrothecae), computer analysis of
previously characterized #rpEG plasmids (42) revealed the
presence of a putative intact repAC gene in B. aphidicola
(R. maidis) and a repAC pseudogene in B. aphidicola (R. padi)
(Fig. 1B and 6). In addition, ori-3.6 of both plasmids contained
a single copy of the 19-bp iteron of the RepA/C replicon. None
of these elements could be identified unequivocally in any of
the other B. aphidicola (Aphididae) plasmids or in pBTc2. The
phylogenetic distribution of the two replicons is summarized in
Fig. 8.

The presence of conserved elements of both replicons in the
B. aphidicola (R. maidis) plasmid and a repAC pseudogene in
its closest relative B. aphidicola (R. padi) demonstrates that
repAC can be silenced in the presence of an ori-3.6-like repli-
con. The silenced repAC gene of B. aphidicola (R. padi) appar-
ently diverged rapidly from the B. aphidicola (R. maidis) se-
quence through the accumulation of substitutions (only 71%
similarity at the nucleotide level). This observation, together
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FIG. 8. Phylogenetic distribution of #rpEG-associated replicons in Buchnera
from aphids of the families Pemphigidae [B(P.)] nd Aphididae [B(A.)]. Species
designations are as in Fig. 7. Location: p, plasmid; ¢, chromosomal. Replicon
designation: R, RepA/C; VR, RepAC pseudogene; o; ori-3.6 like.

with the fact that the noncoding regions between #pG and
ori-3.6 are often unusually long [up to 1 kb in B. aphidicola
(A. pisum) (Fig. 1)], raises the possibility that a RepA/C-like
replicon was ancestral to all B. aphidicola (Aphididae) plas-
mids but that the respective repAC genes have been silenced in
parallel lineages and have diverged beyond recognition.
Evolution of #rp in Buchnera. Lai et al. (32) have previously
proposed a scenario for the evolution of #p in Buchnera. In
brief, they hypothesized that the ancestor of all present-day
Buchnera species had the trp genes arranged in two linkage
groups [trpEG and trpDC(F)BA] on its chromosome, an orga-
nization still found in B. aphidicola (S. chinensis) (31). tpEG
was relocated to a plasmid in the ancestor of the B. aphidicola
(Aphididae), and the resulting enhanced capacity of trypto-
phan production promoted increased growth and reproductive
rates of the insect host. This scenario must be amended in the
light of two significant findings made in the present study.
Firstly, trpEG plasmids are found in Buchnera species from the
two most divergent lineages of aphids, i.e., the Aphididae and
Pemphigidae. This suggests that selection for amplification of
trpEG in Buchnera may be as ancient as the symbiosis itself.
Second, similar replicons are found in both lineages (Fig. 8).
On the basis of these findings, we hypothesized that the trans-
fer of #pEG to a plasmid carrying a RepA/C-like replicon
occurred in the ancestor of all present-day Buchnera species.
Like the related E. coli RA1 plasmid, the origin of replication
may have contained a single DnaA box. An ori-3.6 like origin
of replication evolved de novo on this plasmid through ampli-
fication of the resident DnaA box. (Note that, in contrast to the
RepA/C-like replicon and the repA, replicon linked to leucine
plasmids [49], there are no reports on bacterial replicons re-
lated to the ori-3.6-like replicon.) De novo evolution of ori-3.6
must have occurred independently in the lineages leading to
B. aphidicola (T. caerulescens) and B. aphidicola (Aphididae)
but not in B. aphidicola (P. spyrothecae). In the presence of
ori-3.6 and its hypothesized involvement in a regulatory mech-
anism of initiation of chromosome replication (32), control
over replication of the #pEG plasmid was more advanta-
geously exerted by the DnaA protein than by RepAC. This led
to silencing of the ancestral RepA/C replicon in most lineages.
Although it has yet to be established whether repAC is func-
tional in B. aphidicola (R. maidis), it remains difficult to explain
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why the elements of RepA/C are much more highly conserved
in this species than in any of the other B. aphidicola (Aphidi-
dae) strains.

Our scenario implies that #7pEG in the lineage leading to
B. aphidicola (S. chinensis) must have been transferred back
into the chromosome (Fig. 8) rather than that its organization
represents the ancestral state (31). In E. coli, the closest-known
relative of Buchnera (47), all the genes of the frp pathway are
organized into a single operon (13). If a similar organization
was present in the presymbiotic ancestor of Buchnera, then the
proposed reversal in B. aphidicola (S. chinensis) provides an
explanation for the organization of its #7p genes into two sep-
arate linkage groups.

Finally, our scenario would predict that (i) #rpEG plasmids,
containing elements of either RepA/C or ori-3.6 like replicons
(or both), are likely to be found in Buchnera strains from other
families of aphids and (ii) in lineages where #rpEG is chromo-
somally encoded, its location is expected to be different from
the one found in B. aphidicola (S. chinensis).
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