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Although Buchnera sp. APS, an intracellular symbiont
of pea aphids, is a close relative of Escherichia coli, its
genome has been extensively modified because of its
prolonged intracellular life. In our previous studies on
the Buchnera genome, computer analysis predicted
three “orphan” genes, yba2, yba3, and yba4, which are
open reading frames (ORFs) with no homologs in the
database. In this paper, we successfully validated all
these orphan genes by RT-PCR and Northern hybridiza-
tion. The present study also revealed that yba3 and yba4
formed an operon, suggesting that they function in con-
cert. Sequences around transcriptional start sites sug-
gests that these genes are under the control of sigma 70.
In view of codon usage and AT bias observed in these
genes, it is likely that Buchnera have maintained them
for an evolutionarily long time. © 2002 Elsevier Science (USA)
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Most, if not all, aphids harbor intracellular bacterial
symbionts called Buchnera in their bacteriocytes, huge
cells specialized for this purpose (1, 2). Buchnera and
their host aphids are intimately mutualistic and indis-
pensable to each other for the growth and reproduction
(1, 3, 4-6). Evidence suggests that this symbiosis
started 200—250 million years ago (7), and that, since
then, Buchnera have coevolved with aphids through
vertical transmission through generations of the host
(8). Our previous study on the complete genome se-
guence of Buchnera sp. APS revealed that this bacte-
rium has undergone massive gene loss, and that its
gene repertory well reflects a long history of mutualis-
tic life with the host aphids (9). In the Buchnera ge-
nome, we identified 583 ORFs, and similarity search
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permitted us the functional assignment of 500 of them.
Other 79 ORFs were homologous to hypothetical genes
detected on the genomes of other bacteria. Among the
4 ORFs unannotated, ybal turned out to be homolo-
gous to part of the fliK gene of E. coli (our unpublished
data, 10). Thus, only 3 ORFs, yba2, yba3, and yba4, on
the Buchnera genome have no similarity to any other
reported sequence. This is a surprisingly small num-
ber, because in all the genomes sequenced to date, at
least, 20% of genes are unknown, or orphan, ones. In
addition, as many as 569 ORFs in the Buchnera ge-
nome have orthologs in E. coli (3, 9), and in general, the
most similar counterparts of these ORFs are those of E.
coli. These results suggest that the Buchnera genome
is a subset of the E. coli genome, which all the more
spotlights the 3 orphan genes in Buchnera described
above. If they are really active genes, their products
can serve as key molecules that characterize Buchnera,
an obligately intracellular bacterium.

Since the 3 orphan genes were only theoretically
predicted in silico, in the present study we first vali-
date them experimentally by RT-PCR and Northern
hybridization. Subsequently, we analyze the sequences
these genes to gain an insight into their possible func-
tion and evolutionary origin.

MATERIALS AND METHODS

Materials. A long established parthenogenetic clone of pea
aphids, Acyrthosiphon pisum (Harris), was maintained on young
broad bean plants, Vicia faba L. at 16°C in a long-day regime of 16
hours light and 8 hours dark. Total DNA and RNA were extracted
from whole body of aphids with DNAzol (GIBCO BRL) and TRIsol
reagent (GIBCO BRL). Extracted RNA was treated with DNase I.

RT-PCR. Three sets of primers were constructed, according to the
genome sequence of Buchnera, to generate specific fragments for yba2,
yba3, and yba4 (Fig. 1): yba2, 5'-ATGACAGATGAAGAAAAAAA-
TTTAATAG-3' and 5'-AAGTTGTCATTGTCAATATCGTCTG-3'; yba3,
YBA3a, 5'-ATTCCTGAACAACACCATTCA-3' and YBA3b, 5'-GG-
TGATGCATTTGGAGGAAG-3'; ybad, YBA4a, 5'-ATGTTACACAA-
TTTATTATTATTAAATCCC-3' and YBA4b, 5'-GTGTATTTTGAATAA-
TTTCATTATCAC-3'. Using total RNA as templates, cDNAs were
synthesized with random hexamers and SUPERSCRIPT Il reverse
transcriptase (GIBCO BRL). The cycling parameters were as follows:
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FIG. 1. Arrangement of yba3 and yba4, and primers used for
RT-PCR. Coding regions of yba3, yba4, and surrounding genes are
shown by thick arrows indicating the directions of their transcrip-
tion. Solid lines above the arrows indicate PCR products amplified
using primers designated at the both ends. The lowermost line rep-
resents the yba4-3 transcript amplified by RT-PCR using YBA4a and
YBA3b as primers.

96°C for 3 min, followed by 94°C for 30s, 58°C for 30s, 68°C for 1 min
for 25 cycles and 72°C for 10 min.

Northern hybridization. Samples containing RNA were sepa-
rated by electrophoresis on agarose gel containing formaldehyde as a
denaturant, and transferred onto Hybond N+ membranes (Amer-
sham Pharmacia). Probes specific to yba2, yba3, and yba4 were
synthesized with the primers used for RT-PCR, and labeled with *P
by random priming using BcaBEST (TaKaRa).

Computer analyses. The nucleotide and protein sequences of
Buchnera genes were referred to the database of Buchnera (http://
buchnera.gsc.riken.go.jp/). Similarity searches were performed using
BLAST (11, 12), FASTA (13, 14), and SSEARCH (13, 14) against
nonredundant protein sequence database (Release 2001-8-16,
NCBI). Motif and profile search were performed at the network
service of GenomeNet (http://motif.genome.ad.jp/). Amino acid se-
guence alignments were obtained through the clustalW program
(15). Orthology of homologs was examined as described previously
(16). Codon Adaptation Index (CAl) analysis was performed using
the CAIl program, one of the components of the EMBOSS suite
(http://www.uk.embnet.org/Software/EMBOSSY/).

5" RACE. To estimate the transcriptional start sites of the yba2 and
yba4-3 operon, we first performed RT-PCR with several primers con-
structed for the upstream regions of the translational initiation codons
of yba2 and yba4, and predicted approximate start sites. Then, we
performed 5 RACE to analyze in detail these results, using specific
primers (SP1) that were constructed opposite to mRNA of yba2 (5'-
AAGTTGTCATTGTCAATATCGTCTG-3'), and ybad-yba3 (5'-GGTG-
ATGCATTTGGAGGAAG-3'). With these primers, first strand cDNA
was extended toward the 5’ end of the transcripts of these genes using
total RNA. Subsequently, terminal transferase was used to add a ho-
mopolymeric A-tail to the 3’ end of cDNA. Using oligo-dT anchor primer
and nested primers (SP2) that were constructed for the inside of cDNA
of yba2 (5'-GAACTGGAATAGTTAGAGGG-3'), and yba4-yba3 (5'-
GTGTATTTTGAATAATTTCATTATCAC-3'), the transcriptional start
regions of yba2, yba4-yba3 were amplified by PCR. Throughout these
processes, we used 5'/3" RACE Kit (ROCHE). Sequences of these prod-
ucts were determined using an ABI prism 310 sequencer.

RESULTS

Identification of the Transcripts of yba2,
yba3, and yba4

yba2, yba3, and yba4 genes of Buchnera were origi-
nally identified by the GeneHacker program, a system
for gene structure prediction using a hidden Markov
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FIG. 2. Expression of orphan genes. Transcripts of yba2, yba3,
and yba4 were amplified by RT-PCR using specific primers and
electrophoresed on agarose gel. (+) PCR after reverse transcription
(RT); (=) PCR without RT. M, molecular marker of 100 bp ladder.

Model (HMM) (9, 17). In an effort to confirm the ex-
pression of these orphan genes, we performed RT-PCR
using the primer pairs constructed according to the
sequences around the start and last codons of these
genes, and total RNA as templates. As a result, ampli-
cons were detected for all of the three genes as a single
band on each lane (Fig. 2). These bands were not de-
tected in the absence of reverse transcriptase. The
sizes of these products coincided with those expected
from the sequence data (yba2, 710 bp; yba3, 1073 bp;
yba4, 319 bp). This result successfully validated the
transcription of the three hypothetical genes in the
Buchnera genome.

Structure of yba2 and yba4-3 Transcripts

To examine the primary structures of the transcripts
from the three Buchnera genes, we analyzed aphid
total RNA by Northern hybridization using yba2-,
yba3-, and yba4-specific probes (Fig. 3). The results
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FIG. 3. Northern hybridization of orphan gene products. Total
RNA from the whole body of aphids was subjected to agarose gel
electrophoresis, hybridized with **P-labeled probes specific to yba2,
yba3, and yba4, and autoradiographed.
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FIG. 4. Identification of yba4-3 transcript by RT-PCR. The
yba4-3 transcript was amplified by RT-PCR using YBA4a and
YBA3b as primers. 1, Molecular marker; 2, PCR without RT; 3, PCR
after RT.

further confirmed the expression of these genes. The
transcript of yba2 was about 1 kb, a little longer than
the size of its ORF (717 bp). Judging from the orienta-
tion of neighboring genes, which is opposite to that of
yba2, it was likely that the yba2 gene was transcribed
as a monocistronic mRNA.

The yba3-specific probe hybridized with the RNA
whose length was approximately 2 kb. The yba4-
specific probe also hybridized with the RNA of the
same size (Fig. 3). yba4 resides just upstream of yba3,
and the segment extending from the start codon of
ybad to the termination codon of yba3 is slightly
shorter in length than 2 kb. Taken together, these
results suggest that the two genes are expressed as a
single operon.

To confirm this, we performed RT-PCR using a
primer pair, one was designed for the translational
start site of yba4, and the other for the termination site
of yba3. As shown in Fig. 4, the length of the PCR
product was about 1.4 kb, suggesting that the two
genes were transcribed as a single unit.

Transcriptional Start Sites of yba2 and yba4-3

We performed 5" RACE with primers complementary
to the segments flanking the 5’ end regions of yba2 and
yba4. As a result, the transcriptional start sites of
these operons were located at 89 bp and 86 bp up-
stream of their translational start codons, respectively
(Fig. 5). As indicated in Fig. 5, there was the ribosome-
binding site, or the Shine-Dalgarno sequence, up-
stream of the translational start codon of each operon.
Potential —10 and —35 sequence were also identified
upstream of the transcriptional start site of each
operon. These sequences and their arrangement were
similar to those of the E. coli s™ promoter consensus
sequence.
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Codon Adaptation Index

The GC-contents of yba2, yba3, and yba4 were
26.1%, 25.4%, and 20.6%, respectively. These values
are nearly the same as the overall GC-content (26.3%)
of the whole genome. Then, we performed Codon Ad-
aptation Index (CAI) analysis to assess bias in synon-
ymous codon usage. The scores of yba2, yba3, and yba4
were 0.710, 0.706, and 0.663, respectively, which were
comparable to those of other Buchnera genes (0.72 on
average).

DISCUSSION

In every genome project, computer analysis points
out a large number of ORFs, but, in many cases, unable
to predict their biological functions. Consequently, in
many genomes sequenced to date, many genes have
been left as unknown, or orphan, genes even without
verifying their expression in organisms. Unlike in
many other genomes sequenced to date, orphan genes
in the Buchnera genome that were predicted by com-
puter analysis are only three (9). In view of the fact
that almost all the other Buchnera genes have their
orthologs in E. coli, the closest relative known (3, 18),
these orphan genes can be top-rated candidates that
characterize the unique lifestyle of this bacterium.
Keeping this in mind, in the present study we exam-
ined whether or not these orphan genes were actually
expressed in Buchnera cells. As a result, RT-PCR and
Northern hybridization clearly evidenced that Buchn-
era contained transcripts of these genes (Figs. 2—4). In
accordance with the result that yba?2 is transcribed, our
ongoing proteome analysis using mass spectrometry
already allowed us to identify the Yba2 protein in the
Buchnera cell (our unpublished data).

yba2 mRNA
+1 —
TTGTATTGTTTATTTTAGATGAARAGTATTATTATAAATARCAAT TATTACTT
35 -10
BATARTAARAATTATTGAAARGT CATAATTGARAAT ATACTAGTTTATTARTT

TGATTTTGAGAGGAGATATTATTATGACAGATGAAGAARRAAATTTAATAGA

SD
yba4 mRNA
+1—
GRRAATTAATAATTGACTTTTABAARARACTAATTARTAATTTACATTGACE
-35 -10

ATTTTTTTATATATTTTAAGTTCAALRRARATATTTTATAAARATATACTALR

AMRMTAATTTACAATAGGATCARAATATTATGTTACACAATTTATTATTARAT

SD M

FIG. 5. Upstream sequences of the yba2 and yba4-3 operon.
Presumed —10 and —35 regions as well as the Shine-Dalgarno (SD)
sequence are shown. +1, start sites of transcription determined by 5’
RACE; M, first amino acids of presumed translational products.
Promoter consensus elements, —10 and —35 sequences, are under-
lined.
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FIG. 6. Alignment of yba2 homologs. Amino acid sequences predicted from nucleotide sequences of PA3952 of P. aeruginosa, yba2, and
XF0813 of X. fastidiosa were compared. Alignment was achieved using the Internet program Cluster W. A box represents a conserved motif.

After our paper on the Buchnera genome had been
accepted for publication, genomic sequences of two
pathogenic bacteria were published. According to
them, two hypothetical genes, PA3952 of Pseudomonas
aeruginosa (19) and XF0813 of Xylella fastidiosa exhib-
ited weak sequence identity with yba2 (20). In addi-
tion, multiple alignment of these genes detected a con-
served sequence motif (Fig. 6), suggesting that these
gene products would share a common function in Buch-
nera and the two pathogens, though the expression of
PA3952 and XF0813 is yet to be validated. Motif and
profile searches using this motif as a probe against
non-redundant protein data base detected no other
protein with a similar motif. Judging from the fact that
these three species belong to y-Proteobacteria (21), it is
likely that a yba2 ortholog was present in the last
common ancestor of g-Proteobacteria, followed by gene
loss in many lineages including E. coli and Haemophi-
lis influenzae.

Despite recent accumulation of sequence data,
BLAST, FASTA and SSEARCH still failed to detect
genes that exhibit significant sequence identity with
either yba3 or yba4. One plausible explanation is that
these genes have undergone too rapid evolution (22) to
identify their orthologs in other organisms. However,
this does not necessarily mean that they are inacti-
vated because we successfully identified their bicis-
tronic transcript (Figs. 2—4). It is even probable that
these genes have acquired a new function distinct from
their ancestral ones, which may be essential for Buch-
nera to maintain the intracellular niche. At present, it
is unclear if yba4 and yba3 mRNA in the bicistronic
transcript are translated independently. As shown in
the genome sequence, yba4 and yba3 overlap each
other by 8 bases, and the presumed initiation codon of
yba3 (ATT) is not the canonical one, which is not ap-
parently preceded by the Shine-Dalgarno sequence. On

the other hand, yba4 contains a stop codon in frame. In
addition, a presumed stop codon of yba3 is not in frame
with the initiation codon of yba4, but with that of yba3
(9).

Both GC content and CAIl analysis suggest that
these orphan genes of Buchnera are not recent immi-
grants from other organisms by lateral gene transfer,
but have been retained for an evolutionarily long time.
Itis likely that ancestral genes of yba4-yba3, as well as
that of yba2, were present in the last common ancestor
of g-Proteobacteria, and lost afterward in many lin-
eages. It is unlikely that Buchnera retained these
genes only by chance because it has lost many genes
including even those indispensable to maintain the
cell's own identity (23, 24). A probable scenario is that
in the course of evolution these genes happened to
change so as to function in combination with some
genes of host organisms, which, on one hand, pre-
vented them from being lost, and, on the other hand,
ensured the symbiotic relationship of Buchnera with
the hosts. In view of the unique tendency observed with
the Buchnera genes, this will not necessarily be a far-
fetched assumption.
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