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Mealybugs (Hemiptera, Coccoidea, Pseudococcidae), like aphids and psyllids, are plant sap-sucking insects
that have an obligate association with prokaryotic endosymbionts that are acquired through vertical, maternal
transmission. We sequenced two fragments of the genome of Tremblaya princeps, the endosymbiont of mealy-
bugs, which is a member of the � subdivision of the Proteobacteria. Each of the fragments (35 and 30 kb)
contains a copy of 16S-23S-5S rRNA genes. A total of 37 open reading frames were detected, which corre-
sponded to putative rRNA proteins, chaperones, and enzymes of branched-chain amino acid biosynthesis, DNA
replication, protein translation, and RNA synthesis. The genome of T. princeps has a number of properties that
distinguish it from the genomes of Buchnera aphidicola and Carsonella ruddii, the endosymbionts of aphids and
psyllids, respectively. Among these properties are a high G�C content (57.1 mol%), the same G�C content in
intergenic spaces and structural genes, and similar G�C contents of the genes encoding highly and poorly
conserved proteins. The high G�C content has a substantial effect on protein composition; about one-third of
the residues consist of four amino acids with high-G�C-content codons. Sequence analysis of DNA fragments
containing the rRNA operon and adjacent regions from endosymbionts of several mealybug species suggested
that there was a single duplication of the rRNA operon and the adjacent genes in an ancestor of the present
T. princeps. Subsequently, in one mealybug lineage rpS15, one of the duplicated genes, was retained, while in
another lineage it decayed. These results extend the diversity of the types of endosymbiotic associations found
in plant sap-sucking insects.

Mealybugs (Hemiptera, Coccoidea, Pseudococcidae) are
plant sap-sucking insects which have a novel symbiotic associ-
ation (20, 21, 47, 48). Within the body cavity of the insect is a
large multicellular structure called a bacteriome that is made
up of cells called bacteriocytes. Within the bacteriocytes are
host-derived vesicles containing the gram-negative primary en-
dosymbiont Tremblaya princeps (48; M. Thao, P. J. Gullan, and
P. Baumann, submitted for publication). This organism is a
member of the � subdivision of the Proteobacteria (35;Thao et
al., submitted). Remarkably, T. princeps may harbor within its
cells other gram-negative bacteria (secondary endosymbionts)
belonging to the � subdivision of the Proteobacteria (18, 48;
Thao, submitted). Recently, using 16S-23S ribosomal DNA
(rDNA) sequences, we have examined the evolutionary rela-
tionships of T. princeps from 22 species of mealybugs and the
secondary endosymbionts from 12 of these species. The results
suggest that the symbiotic association between T. princeps and
mealybugs is a result of a single infection of an insect host 100
to 200 million years ago (Thao et al., submitted). In contrast to
this result, it appears that infection of T. princeps with different
precursors of the secondary endosymbionts occurred multiple
times and that following infection there was cotransmission of
both endosymbionts (Thao et al., submitted).

Mealybugs are members of the suborder Sternorrhyncha
(Hemiptera), which contains a number of other plant sap-

sucking insect families, including psyllids and aphids (20, 21).
The diet of these insects is high in carbohydrates and low in
essential amino acids. All of these insects harbor endosymbi-
onts within bacteriocytes; there is good evidence that in aphids
one of the functions of the endosymbionts is synthesis of
essential amino acids for the host (16, 37). Evolutionary stud-
ies of both psyllids and aphids suggest that the endosymbi-
otic association is a consequence of a single infection of an
ancient ancestor, followed by vertical evolution of the endo-
symbiont and the host (7, 32, 46). In these organisms, as well
as in mealybugs, the endosymbionts are transmitted mater-
nally.

The 641-kb genome of the endosymbiont of aphids (Buch-
nera aphidicola) has been sequenced (40); its G�C content is
26.3 mol%, which is at the lower end of the range of G�C
contents of free-living bacteria (24). The sequence of 37 kb of
DNA from the endosymbiont of psyllids (Carsonella ruddii) has
recently been determined (12). The genome of this endosym-
biont has an unusual organization, and the G�C content of its
DNA is 19.9 mol%, a value lower than that of any known
prokaryote (12). Both B. aphidicola and C. ruddii are members
of the � subdivision of the Proteobacteria. Because T. princeps
is a member of the � subdivision and because of the higher
G�C content of its 16S-23S rDNA, we decided to determine
the nucleotide sequence of a fragment of its genome and com-
pare the results with the data obtained for C. ruddii and B.
aphidicola. The results indicate that T. princeps differs from
these two endosymbionts in a number of properties.
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MATERIALS AND METHODS

General methods. Standard molecular biology methods were used in this study
(3). Additional methods have been described elsewhere (7, 12; Thao et al.,
submitted). These methods include isolation of total mealybug DNA, restriction
enzyme and Southern blot analyses, and cloning into �ZAP (Stratagene, La Jolla,
Calif.). The nucleotide sequence of T. princeps DNA was determined at the
University of Arizona (Tucson) LSME sequencing facility. In addition to the T3
and T7 primers, custom-made oligonucleotide primers were also designed for
sequencing. For sequence determination of most of the DNA fragments, a
double-stranded DNA nested deletion kit (Pharmacia, Piscataway, N.J.) was
used. The reaction mixtures and the PCR conditions used have been described
previously (12).

Most of the sequence data were for T. princeps from the mealybug Dysmicoc-
cus brevipes. Additional sequence data were for T. princeps from Melanococcus
albizziae, Planococcus citri, Maconellicoccus australiensis, and Maconellicoccus
hirsutus. Both species of Maconellicoccus lacked a secondary endosymbiont
(Thao et al., submitted). The sources of these mealybugs will be described
elsewhere (Thao et al., submitted).

General approach. We have obtained the sequence of a 4-kb 16S-23S rDNA-
containing DNA fragment from T. princeps of D. brevipes (Thao et al., submit-
ted). In previous studies of B. aphidicola (6) and C. ruddii (12) only one copy of
the rRNA genes was detected by restriction enzyme and Southern blot analyses.
By using the strategy used for C. ruddii (12), we hoped to extend the sequence
upstream and downstream of the 16S-23S rDNA of T. princeps from D. brevipes.
Restriction enzyme and Southern blot analyses performed with probes for 16S
rDNA indicated the presence of two SacI-EcoRI fragments at 4.1 kb (Fig. 1A)
and 1.9 kb (Fig. 1B), which is consistent with the presence of two copies of
16S-23S rDNA genes. Similar analyses with a probe for 23S rDNA indicated the
presence of two SacI fragments at 3.7 kb (Fig. 1A) and 2.6 kb (Fig. 1B). These
fragments were cloned into �ZAP (Stratagene) and sequenced. Subsequently,
the sequences of overlapping DNA fragments upstream or downstream of these
DNA fragments were determined. In brief, the methods used consisted of finding
a convenient restriction site within the sequenced DNA fragment, obtaining a
DNA fragment that served as a probe, and performing a restriction enzyme and
Southern blot analysis. Restriction enzyme-digested DNA fragments of the ap-
propriate size (4.7 to 9.7 kb) were eluted from agarose gels, cloned into �ZAP,
and sequenced (Fig. 1) (12). The nucleotide sequences of the primers used for
making the probes are available upon request.

Sequences upstream and downstream of 16S-23S rDNA. The leuA-16S DNA
(Fig. 2) was amplified by PCR by using the following oligonucleotide primers:
leuA (XbaI; 5�-GTA TCT AGA GGN ATH CAY CAR GAY GGN G-3�) and
U16S (5�-GCC GTM CGA CTW GCA TGT G-3�) containing an EcoRI site (Pci
and Mau [Fig. 2]) or a BamHI site (Pci and Mau [Fig. 2]) added to the 5� end.
Similarly, the prs-16S DNA (Fig. 2) was amplified by using prs5 (KpnI; 5�-GTA
GGT ACC GCT WRA GTG GAG GTC CAT TGC-3�) or prs6 (KpnI; 5�-GTA
GGT ACC GAT ATC CTG CGC GCK AGT C-3�) and primer U16S containing
an added EcoRI site (Pci, Mau, and Mhi [Fig. 2]) or a BamHI site (Mal [Fig. 2]).
The 23S-dnaQ DNA (Fig. 1A and 2) was amplified by using the following
oligonucleotide primers: B23S (5�-GTT TGG CAC CTC GAT GTC G-3�) con-
taining an EcoRI site (Pci [Fig. 2]) or a BamHI site (Mal, Mau, and Mhi [Fig. 2])
at the 5� end and dnaQ-JH (XbaI; 5�-GTA TCT AGA GTN YTN GAY ACN
GAR ACN ACN G-3�) (Pci and Mhi [Fig. 2]) or dnaQ-A (XbaI; 5�-GTA TCT
AGA GCA GAG GTG GGG TGC GTG GAG-5�) (Mal and Mau [Fig. 2]).
Similarly, the DNA from 23S-rpL11 (Fig. 2) was amplified by using primer
B23S-JH and primer rpL-11 (XbaI; 5�-GTA TCT AGA GTN GCN GCR TTR
AAN GCY TTA SA-3�). After digestion with the appropriate restriction en-
zymes, the inserts were cloned into pBluescript (Stratagene), and the nucleotide
sequences were determined.

Analysis of the DNA. We used GeneJockey II (Biosoft, Ferguson, Mo.) to
identify open reading frames (ORFs) and Blast searches (National Center for
Biotechnology Information, Bethesda, Md.) to identify proteins with amino acid
sequence similarity. Alignment of amino acids was performed by using Gap
(Genetics Computer Group, Madison, Wis.). In comparative studies sequences
of B. aphidicola (accession no. AF000398), Neisseria meningitidis (AE002098),
and C. ruddii (AF274444, AF291051, and AF211141) were also included.

Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequences of the fragments obtained in this study are as follows: T. princeps
from D. brevipes, AF481102 and AF481103; T. princeps from M. albizziae,
AF481907, AF481911, AY090468, and AY090470; T. princeps from P. citri,
AF481908, AF481912, AY079511, and AY079513; T. princeps from M. australien-
sis, AF481909, AF481913, AY090469, and AY090470; and T. princeps from M.
hirsutus, AF481910, AF481914, AY079512, and AY079514.

RESULTS

General properties of T. princeps DNA. We sequenced two T.
princeps DNA fragments, one of which is 34,806 nucleotides
(nt) long (Fig. 1A) and one of which is 29,559 nt long (Fig. 1B)
(total, 64,365 nt). Searches of databases (in December 2001)
identified 37 ORFs as corresponding to known genes; 36 of
these ORFs were found in N. meningitidis, the nearest relative
having a fully sequenced genome (Thao et al., submitted), and
1 ORF (yabC) was found in the Escherichia coli genome. The
two DNA fragments had an identical 5.7-kb region, which
contained the genes for 16S, 23S, and 5S rDNA (Fig. 1). The
total G�C content of the two fragments was 57.1 mol%. There
are three large gene clusters that are transcribed from left to
right consisting of mviN-rpL19 and dnaE-yabC (Fig. 1A), as
well as rpS15-rpL2 (Fig. 1B); the remaining genes are tran-
scribed in either direction.

General properties of the ORFs. A list of the T. princeps
genes together with their G�C contents and percentages of
amino acid sequence identity to N. meningitidis homologs is
presented in Table 1. The G�C contents of the genes ranged
from 54.2 mol% (rpL11) to 59.9 mol% (rpS10). The proteins
having the most conserved sequences are Tuf, RpS12, and
GroEL (75.3, 74.8, and 71.7% amino acid identity to N. men-
ingitidis proteins, respectively). The least conserved proteins
are Tal, DnaQ, and Prs (21.6, 26.3, and 28.4% amino acid
identity to N. meningitidis proteins, respectively). Eight ORFs
were detected that could not be readily equated with genes in
the databases (ORF-A to -H) (Fig. 1). The putative proteins
encoded by these ORFs contained 343 (ORF-A), 333 (ORF-
B), 67 (ORF-C), 120 (ORF-D), 174 (ORF-E), 165 (ORF-F),
208 (ORF-G), and 85 (ORF-H) amino acids.

Amino acid composition and codon usage. The G�C con-
tent of the coding regions has an influence on the codon usage
and amino acid composition of proteins (42). A comparison of
the amino acid compositions and the G�C contents of codons
of proteins of C. ruddii, B. aphidicola, and T. princeps is pre-
sented in Fig. 3. T. princeps differs from the other endosymbi-
onts in having substantially greater alanine, glycine, and argi-
nine contents and, to a lesser extent, a greater proline content
(codons with a high G�C content) than B. aphidicola and C.
ruddii (34.1, 20.6, and 11.1%, respectively, of the total pro-
teins). Similarly, T. princeps differs from B. aphidicola and C.
ruddii in having the lowest content of phenylalanine, lysine,
isoleucine, asparagine, and tyrosine (codons with a high A�T
content) (14.5, 32.2, and 51.9%, respectively, of the total pro-
teins). These results correlate with the G�C contents of the
DNAs which encode these proteins (Fig. 3).

Protein size. Prs and LeuA of T. princeps are reduced in size,
having 61 and 75% of the amino acid content, respectively, of N.
meningitidis proteins. Prs appears to have a 92-amino-acid dele-
tion following amino acid 181 of the N. meningitidis protein. The
smaller size of T. princeps LeuA is due to truncation at the C
terminus. DnaQ of N. meningitidis has 470 amino acids, while the
E. coli enzyme has 246 amino acids. The size of T. princeps DnaQ
(203 amino acids) resembles the size of the E. coli enzyme; the
reduction in the size of T. princeps DnaQ is also due to truncation
at the C terminus. The sizes of the remaining 36 proteins of T.
princeps range from 86 to 117% of the sizes of the homologous N.
meningitidis proteins. A summation of the total amino acids of
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these proteins from T. princeps and N. meningitidis indicates that
the amino acid content of the T. princeps proteins is on average
3.7% less than that of the N. meningitidis proteins. Compared to
E. coli, a substantial decrease in protein size has been observed in
C. ruddii (9.5%) (12), and a smaller decrease has been observed
in B. aphidicola (8).

Intergenic spaces. Of the DNA sequenced, 81.6% corre-
sponded to coding regions for proteins and rRNAs. The G�C
content of the intergenic spaces was 57.4 mol%, which is sim-
ilar to the G�C content of the coding regions (57.0 mol%).

There was considerable variation in the sizes of the intergenic
spaces. If we excluded the major segments which did not con-
tain identifiable genes (ilvD-aroA, metF-groEL, yabC-dnaQ,
dnaQ-ftsJ, and tal-prs), then the intergenic spaces ranged from
2 to 730 nt long (22 cases). There were also overlaps between
the start and stop codons of adjacent genes, which ranged from
�2 to �185 nt (nine cases). The largest overlap was between
rpoC and rpS12 (Fig. 1B).

Duplication of the rRNA genes. In T. princeps from D. bre-
vipes, there is a 5,689-bp duplication involving the transfer of a

FIG. 1. Genetic maps of DNA fragments from T. princeps from D. brevipes. The thick lines indicate structural genes; the arrows with one
arrowhead indicate the direction of transcription; the arrows with two arrowheads indicate overlapping DNA fragments that were cloned into
�ZAP and sequenced; the striped lines on arrows with two arrowheads indicate the positions of probes; the dashed lines with two arrowheads
indicate an identical 5.7-kb sequence; and the lines with brackets indicate DNA fragments obtained by PCR.
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copy of this segment from fragment A (Fig. 1A) to fragment B
(Fig. 1B). The sequences of these two segments are identical.
The excised fragment contains the end of leuA, rpS15-16S-23S-
5S, and the beginning of yabC (Fig. 1A). This sequence is
inserted downstream of prs and upstream of rpL11 (Fig. 1B).
We investigated this gene duplication further by cloning and
sequencing DNA fragments upstream of the two copies of the
rRNA genes from T. princeps (leuA-16S, prs-16S) and down-
stream of the two copies of the rRNA genes (23S-dnaQ, 23S-
rpL11) from four additional mealybug species (Thao et al.,
submitted). Figure 2 is a summary of the results. In T. princeps
from D. brevipes, M. albizziae, and P. citri the regions of se-
quence identity between leuA-16S and prs-16S are different
lengths (874, 702, and 878 nt), but all begin in similar positions
at the end of leuA and all include the end of this gene as well
as rpS15. In the different lineages represented by T. princeps
from M. australiensis and M. hirsutus, the size of the region of
sequence identity is reduced (224 and 308 nt) and the prs-16S
DNA fragments lack rpS15. Comparisons of 23S-dnaQ and
23S-rpL11 also indicated a different length for the region of
sequence identity (730 to 780 nt) downstream of the 23S rDNA
primer. In T. princeps from D. brevipes, following 5S rDNA is
an ORF having some similarity to E. coli yabC, a gene having
no known function (Fig. 3). In T. princeps from the remaining
mealybug species (Fig. 3) this gene appeared to be in the
process of degradation, with frameshifts and stop codons re-
sulting in shorter ORFs corresponding to segments of yabC of
T. princeps from D. brevipes.

rRNA operon. Comparisons of sequences upstream of
rRNA operons from B. aphidicola from different aphid species
indicated that there was conservation of sequences resembling
the �35,�10 promoter region (6, 7, 34). A similar comparison
of C. ruddii from different psyllid species indicated that there
was a lack of conserved sequences upstream of the rRNA
operons (12). We used a similar approach with T. princeps (Fig.
2) and did not find conserved sequences resembling a �35,�10
promoter region upstream of the 16S rRNA genes. There was,

however, conservation of two sequences; 16 bp upstream of the
putative beginning of the 16S rRNA gene was the sequence
CCCG, and 22 bp upstream of this sequence was another
conserved sequence, AGGCTTTAGGT. The significance of
these conserved sequences is not known. No inverted repeats,
which are characteristic of rho-independent terminators, were
detected in T. princeps following the 5S rDNA gene (Fig. 2).
Such repeats have not been detected in C. ruddii (12) but were
found in B. aphidicola (6, 7, 34).

DISCUSSION

General properties. T. princeps has a unique combination of
properties that distinguishes it from B. aphidicola and C. rud-
dii, the two other characterized endosymbionts of plant sap-
sucking insects (Table 2). Among these properties are a DNA
G�C content of 57.1 mol% and no significant difference be-
tween the G�C contents of the coding regions and intergenic
spaces (57.0 and 57.4 mol%, respectively). The genes detected
in the sequenced DNA segments (Fig. 1) are primarily those
encoding housekeeping functions (Table 1), such as transcrip-
tion (RNA polymerase), translation (rRNA, ribosomal pro-
teins, elongation factors), chaperones (groESL), DNA replica-
tion, and cell division. In addition, genes for amino acid and
purine ribonucleotide biosynthesis, as well as the pentose phos-
phate pathway, were detected. These genes have also been
found in the sequenced genome of B. aphidicola (40). The
order of the genes in the rpL11-rpL2 segment in T. princeps
(Fig. 1B) is also found in C. ruddii (12) and N. meningitidis (22).
A major difference is the presence of rpL23 in N. meningitidis
following rpL4, the absence of this gene in C. ruddii, and its
substitution by a gene encoding a putative protein (ORF-H) in
T. princeps (Fig. 1B). In B. aphidicola the segments corre-
sponding to T. princeps rpL11-rpoC and rpS12-rpL2 are sepa-
rated. B. aphidicola has a sigma-32 promoter preceding groES
(38); no such sequences were detected in T. princeps upstream
of this gene.

Protein sequence conservation and G�C content. The ages
of the endosymbiotic associations of T. princeps, C. ruddii, and
B. aphidicola are approximately the same (100 to 230 million
years) (7, 33, 36, 46; Thao et al., submitted). It appears that
during this time the most radical alterations from a free-living
ancestor have occurred in C. ruddii (12). This endosymbiont
has a G�C content of 19.9 mol%, has essentially no intergenic
spaces, and lacks the complement of a Shine-Dalgarno se-
quence in the 3� end of its 16S rRNA. As a consequence of the
latter finding, it is probable that long mRNAs are transcribed
and translational coupling occurs (12). An additional feature
of C. ruddii is a decrease in the G�C content of proteins with
poorly conserved amino acid sequences. This is illustrated in
Fig. 4, which shows that, as the level of amino acid sequence
identity between the C. ruddii and E. coli homologous proteins
decreases, the G�C content of the genes also decreases. This
feature is absent in T. princeps (Fig. 4). Comparisons of the
protein sequences of this endosymbiont with the sequences of
homologous proteins of N. meningitidis indicate that, as the
amino acid sequence identity decreases, there is little effect on
the G�C content of the genes. B. aphidicola appears to occupy
an intermediate position between these two extremes, with

FIG. 2. Genetic map of the upstream and downstream portions of
the duplicated regions containing 16S and 23S rDNAs. A and B are
two different clusters established on the basis of the evolutionary
relationships of T. princeps (Thao et al., submitted). The numbers in
the boxes indicate the lengths of fragments having identical nucleotide
sequences from the 16S (upstream) and 23S (downstream) oligonu-
cleotide primers used in the PCRs. The dashed lines indicate missing
sequence; the striped lines indicate pseudogenes. T. princeps was ob-
tained from the following mealybug species: D. brevipes (Dbr), M.
albizziae (Mal), P. citri (Pci), M. australiensis (Mau), and M. hirsutus
(Mhi).
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several poorly conserved genes having a relatively high G�C
content (Fig. 4).

Duplication of the rRNA genes. Previously it was shown that,
on the basis of evolutionary relationships of 16S-23S rDNA, T.
princeps could be subdivided into two major clusters (Thao et
al., submitted). The endosymbionts of D. brevipes, M. albizziae,
and P. citri are representatives of cluster A, while the T. prin-

ceps endosymbionts of M. australiensis and M. hirsutus consti-
tute cluster B (Fig. 2). Two copies of the 16S-23S-5S rRNA
genes were found in all the T. princeps endosymbionts tested
that were representatives of the two clusters (Fig. 2); the new
copy was inserted between prs and rpL11. In members of clus-
ter A it was evident that the duplication involved insertion of
a segment containing the terminal portion of leuA followed by

TABLE 1. Genes found in T. princeps

Gene Protein G�C content (mol%) % Amino acid identitya

Pentose phosphate nonoxidative branch
tal Transaldolase 54.5 21.6

Amino acid biosynthesis
Glutamate family

argH Arginosuccinate lyase 59.3 43.6
Aromatic amino acid family

aroA 5-Enolpyruvylshikimate-3-phosphate synthase 57.3 29.3
Branched-chain family

ilvI Acetolactate synthase III (subunit), valine sensitive 56.4 35.3
ilvC Ketol-acid reductoisomerase 55.6 55.5
ilvD Dihydroxyacid dehydrase 57.3 39.0
leuA �-Isopropylmalate synthase 57.9 43.1

Purine ribonucleotide biosynthesis
prs Phosphoribosylpyrophosphate synthetase 58.2 28.4

Central intermediary metabolism
metF 5,10-Methylenetetrahydrofolate reductase 56.8 31.5

Chaperones
groEL Chaperone, Hsp 60 57.6 71.7
groES Chaperone, Hsp 10 55.3 57.9

Cell division
ftsJ Cell division protein 55.2 30.6

rRNA
rrf 5S rRNA 56.9 58.8b

rrl 23S rRNA 55.8 75.8b

rrs 16S rRNA 55.3 80.6b

Ribosomal proteins
rpS1 Ribosomal protein S1 (rpsA) 56.6 42.8
rpS7 Ribosomal protein S7 (rpsG) 57.8 43.2
rpS9 Ribosomal protein S9 (rpsI) 59.7 54.3
rpS10 Ribosomal protein S10 (rpsJ) 59.9 32.0
rpS12 Ribosomal protein S12 (rpsL) 59.0 74.8
rpS15 Ribosomal protein S15 (rpsO) 52.7 39.3
rpS16 Ribosomal protein S16 (rpsP) 57.7 40.3
rpL2 Ribosomal protein L2 (rplB) 58.1 53.6
rpL3 Ribosomal protein L3 (rplC) 58.4 35.8
rpL4 Ribosomal protein L4 (rplD) 58.8 32.2
rpL7/12 Ribosomal protein L7/12 (rplL) 54.9 43.3
rpL10 Ribosomal protein L10 (rplJ) 54.5 38.1
rpL11 Ribosomal protein L11 (rplK) 54.2 40.7
rpL13 Ribosomal protein L13 (rplM) 55.2 35.8
rpL19 Ribosomal protein L19 (rplS) 57.8 30.0
rpL31 Ribosomal protein L31 (rpmE) 58.8 27.0

DNA replication
dnaE DNA polymerase III, �-subunit 58.0 38.4
dnaQ DNA polymerase III, ε-subunit 59.0 26.3

Protein translation
fus Elongation factor G 55.7 57.6
tuf Elongation factor Tu 54.6 75.3

RNA synthesis
rpoB RNA polymerase, �-subunit 57.2 36.3
rpoC RNA polymerase, ��-subunit 57.8 43.7

Miscellaneous
hesB Putative protein 58.7 31.2
mviNd Putative virulence protein 57.3 30.0
yabC Putative protein 59.1 25.0c

a Unless otherwise indicated, amino acids were compared to the amino acids of N. meningitidis proteins.
b Compared to rRNAs.
c Compared to the amino acids of E. coli protein.
d Partial sequence.
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rpS15–16S-23S-5S rDNA and a portion of yabC (Fig. 1B and
2). In all of these organisms a segment containing an identical
sequence was found in both copies, suggesting that concerted
evolution resulted in sequence identity (19). There were, how-
ever, differences in the lengths of the identical sequences (Fig.
2, cluster A), suggesting that considerable changes occurred in
the noncoding regions during evolution of the different lin-
eages. In contrast to these results, cluster B T. princeps lacks
rpS15 in the prs-16S rDNA fragments, and the region of se-
quence identity is consequently considerably reduced. The sim-
plest interpretation of these results is that in the ancestor of
the present T. princeps there was a duplication of the 16S-
23S-5S rRNA genes. In cluster A rpS15 was preserved in the
prs-16S rDNA region, while in the lineage leading to cluster B
this region was degraded prior to divergence of M. australiensis
and M. hirsutus. The physiological significance of this gene
duplication is not understood. B. aphidicola and C. ruddii, the
endosymbionts of aphids and psyllids, respectively, have only
one copy of the rRNA genes (12, 40). Frequently, organisms
that have low growth rates have few copies of the rRNA genes
(6, 7, 25). It is possible that the demand for greater protein
synthesis in an ancestral T. princeps led to duplication of rRNA
genes and resulted in an increase in ribosomes.

Endosymbiosis and G�C content. Recently, it has been
suggested that there is a correlation between the intracellular
lifestyle of prokaryotic mutualists and pathogens and low DNA
G�C contents (1, 29, 31, 33). In the case of mutualistic endo-
symbionts this correlation is based on only a few examples.
Cossart and Lecuit (15) performed a useful compilation of
mammalian pathogens with respect to their intracellular loca-
tions. An examination of the G�C contents of these organisms
indicates that obligately intracellular pathogens have G�C
contents ranging from 29 to 58 mol% (26, 43, 45, 49). Facul-
tatively intracellular pathogens have G�C contents ranging
from 34 to 66 mol%, while extracellular pathogens have G�C
contents ranging from 25 to 67 mol%. The total range of the
G�C contents of prokaryotes is about 25 to 75 mol% (24). T.
princeps, the endosymbiont of mealybugs, has a G�C content
of 57.1 mol%. The weevil Sitophilus oryzae has an endosymbi-
ont related to members of the Enterobacteriaceae which has a
G�C content of 54 mol% (23). B. aphidicola and C. ruddii
have G�C contents of 26.3 and 19.9 mol%, respectively (12,
40). Thus, the G�C contents of endosymbionts of insects
which are currently known range from 20 to 57 mol%. This
information, combined with the ranges for intracellular and
facultatively intracellular pathogens (29 to 66 mol%), does not

FIG. 3. Amino acid compositions and A�T and G�C contents of codons of proteins of C. ruddii (Car), B. aphidicola (Buc), and T. princeps
(Tre). The G�C contents are the G�C contents for the total coding regions. The data for C. ruddii are from reference 12; the data for T. princeps
are from this study; and the data for B. aphidicola are data for the genes present in C. ruddii and T. princeps (40).

TABLE 2. Genetic characteristics of endosymbionts of plant sap-sucking insectsa

Organism
Proteo-
bacterial

group

G�C
content
of DNA
(mol%)

%
Coding

G�C
content of inter-

genic spaces
(mol%)

Recognizable
�35, �10 region

preceding
rRNA genes

Inverted
repeats following

rRNA genes

3� end of 16S
rDNA contains
Shine-Dalgarno

complement

Translational
coupling the

normc

Increased A�T
content in poorly

conserved
regions

T. princeps � 57.1 81.6 57.4 � � � � �
B. aphidicola � 26.3 87.9 19.1b � � � � ?
C. ruddii � 19.9 �99.9 � � � � �

a Interpretations were based on analysis of sequence data.
b Decreases of 4 to 9 mol% G�C were found in the intergenic spaces of the genomes of Rickettsia prowazekii, Chlamydia trachomatis, E. coli, Haemophilus influenzae,

P. aeruginosa, N. meningitidis, Ralstonia solanacearum, and Clostridium acetobutylicum.
c Suggested by the large number of gene pairs in which the initiation codon and the stop codon overlap (12).
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suggest that there is an unequivocal association between a low
G�C content and an intracellular lifestyle.

Mutualistic intracellular endosymbionts, as well as some in-
tracellular pathogens, appear to have increased rates of se-
quence change (29). This has been attributed to the population
structure of these organisms and the functioning of Muller’s
ratchet (29). It has been suggested that the small number of
these organisms transmitted to progeny results in reduced pu-
rifying selection, accumulation of deleterious mutations, and a
reduction in the G�C contents of their DNAs (29). From
compilations of the G�C contents of free-living prokaryotes
and the properties of these organisms, it is clear that the
extremes of G�C content are in themselves not deleterious to
an organism. At the lower end of the G�C content range we
find such common vigorous soil organisms as the clostridia (25
to 28 mol%) (50). It should also be noted that the mycoplas-
mas, whose low G�C contents have been attributed to their
habitats within plants or animals, are themselves descended
from the low-G�C-content gram-positive bacteria (27). At the
upper end of the G�C content range are the vigorous and
nutritionally highly versatile species Pseudomonas aeruginosa
and the actinomycetes (9, 26, 43, 45, 49). Similarly, organisms
growing well on minimal media and having G�C contents at
the lower and higher ends of the G�C content range (28 and
68 mol%) were found in a taxonomic study of respiratory,
gram-negative marine bacteria (5). Although no systematic
comparisons have been made, there is no evidence that organ-
isms with extreme G�C contents have functionally deficient
enzymes. In the case of the endosymbionts, it appears to be
necessary to compare the properties of some of the enzymes of
these organisms to their homologous counterparts from re-
lated free-living bacteria in order to determine if their evolu-
tionary history has led to decay of the enzymatic function.

One of the results that was interpreted as being consistent
with operation of Muller’s ratchet in B. aphidicola is the major
increase in nonsynonymous substitutions relative to synony-
mous substitutions as compared to E. coli and Salmonella en-
terica serovar Typhimurium (14, 29, 33). This was interpreted

to reflect a decrease in purifying selection due to the popula-
tion structure that results in bottlenecks during the transmis-
sion of endosymbionts to progeny. Subsequent studies, how-
ever, have shown that the ratio of synonymous to
nonsynonymous substitutions in the E. coli-S. enterica compar-
ison is the exception and that the ratios in Buchnera are similar
to those in other organisms (36).

Due to accelerated evolution and in some cases the de-
creased G�C content of the rDNA, there may be considerable
uncertainty concerning the nearest relatives of some of the
endosymbionts (30). This is especially true for C. ruddii (46),
but it is somewhat less true for B. aphidicola. In the case of the
latter organism, it is clear that members of the Enterobacteri-
aceae are close relatives and that the branches leading to Aero-
monas hydrophila or Vibrio cholerae precede the branching of
B. aphidicola and E. coli. Since members of the Enterobacteri-
aceae, A. hydrophila, and V. cholerae have G�C contents of 38
to 62 mol% (26, 43, 45, 49), it is reasonable to postulate that
the G�C content of B. aphidicola (26.3 mol%) is a conse-
quence of a decrease from an ancestor having a higher G�C
content (14, 31). An adenine-thymine (AT) pressure is also
suggested by the fact that intergenic spaces in B. aphidicola
have a lower G�C content than coding regions (Table 2).
Although a close ancestor of C. ruddii cannot be established
with certainty, the exceptionally low G�C content of this or-
ganism also suggests high AT pressure. T. princeps is in marked
contrast to C. ruddii and B. aphidicola. In this organism the
intergenic spaces and coding regions have similar G�C con-
tents (Table 2), suggesting the absence of AT pressure. Con-
sistent with this interpretation and in contrast to C. ruddii,
there is no increase in the A�T content of T. princeps genes
coding for proteins that are poorly conserved (Fig. 4).

Determination of the sequence of the B. aphidicola genome
and the relatively close relationship of this organism to E. coli
have allowed attempts at reconstruction of the evolutionary
events that led to the formation of the reduced endosymbiont
genome from the genome of a postulated common ancestor
(31, 41). These analyses indicated the importance of large
deletions that may eliminate genes not essential for endosym-
biont function (31). It has been suggested that such deletions
may remove genes (or parts of genes) that have an effect on
DNA replication-repair fidelity, and the increased A�T con-
tent may be the result (28, 31, 33, 51).

Mutualistic endosymbiotic associations between insects and
bacteria are widespread and so far have involved members of
the � subdivision of the Proteobacteria (Buchnera, Carsonella,
Blochmannia, Wigglesworthia), the � subdivision (Tremblaya),
and the Flavobacterium-Bacteroides group (Blattabacterium) (4,
10, 11, 13, 17, 32, 39, 44, 46, 48). Some of these endosymbionts
are distantly related, and consequently in principle there is
nothing which suggests that members of diverse bacterial
groups may not potentially be able to enter into mutualistic
associations with insects. One theme that may be common to
these associations is the reduction of the genome size (2, 31,
33), and future studies to determine the size of the T. princeps
genome will be of interest. Based on the diversity of bacterial
types and the stochastic nature of the deletion process, it may
be that the endosymbionts have a variety of different genetic
properties, as exemplified by the two current extremes (name-
ly, C. ruddii and T. princeps).

FIG. 4. Comparisons of the levels of amino acid (AA) sequence
identity of homologous proteins of C. ruddii and E. coli (Car), B.
aphidicola and P. aeruginosa (Buc), and T. princeps and N. meningitidis
(Tre) with the G�C contents of the genes of the endosymbiont.
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