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ABSTRACT Survival of aphids is dependent on an asso-
ciation with a prokaryotic endosymbiont (Buchnera aphidicola)
found in specialized cells within the aphid body cavity. Recent
nutritional and physiological studies have indicated that one of
the functions of the endosymbionts is the synthesis of tryp-
tophan [Douglas, A. E. & Prosser, W. A. (1992) J. Insect
Physiol. 38, 565-568]. B. aphidicola resembles in many of its
properties free-living prokaryotes. An adaptation to an endo-
symbiosis involving the overproduction of tryptophan would
necessitate alterations that modify the effect of regulatory
systems that in free-living organisms function to reduce enzyme
activity under conditions of excess tryptophan. We have cloned
and sequenced the genes for B. aphidicola trpEG encoding
anthranilate synthase, the first enzyme of the tryptophan
biosynthetic pathway, which in free-living bacteria is feedback-
inhibited by tryptophan. Amino acid sequence comparisons
indicate that the B. aphidicola enzyme has all of the key residues
involved in allosteric feedback inhibition. Evidence is presented
indicating that #pEG is present as four tandem repeats on a
circular plasmid. Relative to B. aphidicola trpDC(F)BA (the
chromosomal genes coding for the remaining enzymes of the
tryptophan biosynthetic pathway) #pEG is amplified 14- to
15-fold. These findings suggest that the effect of inhibition by
accumulated tryptophan may be overcome by overproduction
of anthranilate synthase. Our results demonstrate the acqui-
sition of a new property (gene amplification) as an adaptation
to an endosymbiotic association in which B. aphidicola over-
produces tryptophan for the aphid host.

Aphids are major pests of agriculturally important plants (1).
Their survival is dependent on an association with eubacterial
endosymbionts [assigned to the genus Buchnera (2)], which
are housed in host-derived vesicles within specialized cells
called mycetocytes (3-5). The mycetocytes form a loose
aggregate in the body cavity of the aphid known as the
mycetome. The endosymbionts have not been cultured out-
side the aphid host. To gain understanding as to the nature of
the endosymbionts and their essential contribution(s) to the
aphid, we have initiated studies on Buchnera aphidicola, the
endosymbiont from the aphid Schizaphis graminum. The
results of these as well as other studies (6) indicate that B.
aphidicola has many of the properties characteristic of free-
living bacteria. These include genes for DNA replication,
transcription, translation, biosynthesis, energy metabolism,
chaperonins, and protein secretion (6-11). Evolutionary
studies involving comparisons of genes coding for 16S rRNAs
have indicated that Buchnera is a distinct lineage within the
class Proteobacteria, with Escherichia coli as the nearest
known relative (12). The endosymbiosis appears to have
originated 200-250 million years ago (13).
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Insects are unable to synthesize 10 amino acids, which
consequently are required in their diet (14). Aphids are plant
sap suckers consuming a diet rich in carbohydrates but low
in amino acids, and it is thought that Buchnera provides the
aphid with these essential amino acids (3-5). Evidence has
been presented indicating that the endosymbionts are able to
reduce sulfate to sulfide and synthesize methionine, cysteine,
and tryptophan (10, 15-17). Tryptophan synthase, the last
enzyme in the tryptophan biosynthetic pathway, has been
detected in the endosymbionts (17). Experiments in which
aphids were fed on synthetic diets have shown that the
addition of chlortetracycline leads to elimination of the
endosymbionts and of tryptophan synthase activity and a
concomitant dependence on exogenously added tryptophan
(17). Recently it has been shown that B. aphidicola contains
the genes coding for enzymes that catalyze the conversion of
anthranilate to tryptophan [trpD(C)FBA]; these genes are
probably part of a single transcription unit (18). The genes
(trpEG) for anthranilate synthase (AS), the first enzyme of
the tryptophan biosynthetic pathway which converts choris-
mate to anthranilate, were not found on the 2.3-kilobase (kb)
DNA fragment upstream of trpD(C)FBA or the 1.5-kb frag-
ment downstream of this gene cluster (18).

One of the most extensively studied biosynthetic pathways
is that for the synthesis of tryptophan (19-22). In almost all
organisms, tryptophan biosynthesis is regulated by feedback
inhibition of AS by tryptophan (23) and by repression of
enzyme synthesis (20-22). In E. coli, tryptophan mediates
the repression of an operon containing genes coding for all of
the enzymes of tryptophan biosynthesis [trpEG(D)C(F)BA]
(21). In this and some other organisms, levels of tryptophan
biosynthetic enzymes are also regulated by attenuation (tran-
scription termination) based on the availability of charged
tRNAT® (21, 24, 25). A property of this attenuation mecha-
nism is the presence of DNA coding for a short tryptophan-
containing leader peptide that precedes the structural genes
for AS (20, 21). Some species of Bacillus have a totally
different mechanism of attenuation, which does not involve
a leader peptide but does involve a tryptophan-dependent
binding of a regulatory protein to trp mRNA (20, 26). All of
these regulatory mechanisms, characteristic of free-living
bacteria, respond to accumulation of tryptophan within the
cell. If the endosymbiont overproduces tryptophan, modifi-
cations would have to occur to permit tryptophan synthesis
in the presence of elevated levels of this amino acid. Among
the possible adaptations are constitutive synthesis of the
tryptophan biosynthetic enzymes and modifications of AS so
as to overcome the effects of feedback inhibition by tryp-
tophan (27). In studies of directed evolution, mutations to
constitutivity are common (28); in addition, in some species
the tryptophan biosynthetic pathway appears to be constitu-
tive (20, 29). Alternatively, since feedback inhibition may not
eliminate all enzyme activity, it is potentially possible to
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compensate for the reduction of AS activity in the presence
of the feedback inhibitor by overproduction of the enzyme
(30, 31). Microorganisms subjected to conditions in which
growth is limited by an enzyme activity frequently produce
tandem gene duplications that result in the production of
more enzyme protein (30, 32). Such gene duplications arise at
a frequency of 10* to 10°, considerably above that of muta-
tions in structural genes (30). These duplications are usually
unstable and are eliminated once the selective pressure is
removed. They can be present in the chromosome or on
plasmids and appear to be a rapid response of the organism
to environmental changes. In the present communication we
present evidence indicating amplification of B. aphidicola
trpEG,' a result consistent with the overproduction of tryp-
tophan by the endosymbiont and its utilization by the host.

MATERIALS AND METHODS

General Methods. The conditions used for the cultivation of
aphids, methods of purification of endosymbiont-aphid
DNA, restriction enzyme analysis, Southern blot hybridiza-
tion, and DNA sequencing have been described (9, 12, 33).
The sole difference is the use of the Boehringer Mannheim
Genius System (digoxigenin) for the labeling of hybridization
probes. The DNA sequence was determined in both orien-
tations.

Cloning of the #pEG Genes. The procedures used are the
same as have been applied previously to the cloning of a
variety of genes from B. aphidicola (9, 18). Only an outline of
these methods will be given here. From the compilations of
TrpE sequences (kindly provided by the late I. P. Crawford),
several stretches of conserved amino acids were apparent. On
the basis of two such regions, oligonucleotide primers were
designed that took into account the codon usage of B. aphid-
icola (8) [Fig. 1, nucleotides 827-846, BamHI-Pst 1 sites:
5'-CGG ATC CTG CAG TAT CC(T or A) AT(T or A) GC(T
or A) GG(T or A) AC(T or A) (C or A)G-3'; and nucleotides
1298-1317, BamHI-SalI: 5'-CGG ATC CGT CGA CTC (A or
T)AC (A or T)CC (A or T)GC (A or T)CC (A or T)\GC TTG-3'].
By using these primers and the polymerase chain reaction, a
0.52-kb fragment was amplified, digested with Ps¢ I and Sal I,
cloned, and sequenced. An open reading frame (ORF) was
detected, similar in its deduced amino acid sequence to the
corresponding portion of E. coli TrpE. After restriction en-
zyme analysis and Southern blot hybridization of the endo-
symbiont-aphid DNA using as a probe the 0.52-kb fragment,
a 3.6kb Xba I fragment was detected. Subsequently this
fragment was ligated to Xba I-EcoRI adaptors and cloned into
EcoRI-cut and phosphatase-treated AZAP. The excised plas-
mid was designated pBS2AS9.

Time Course of Digestion of DNA Containing trpEG. The
reaction mixture for each time point consisted of 5 ug of DNA
with 1-2.5 units of the restriction enzyme. Electrophoresis
was performed with 0.6% agarose gels followed by Southern
blotting. The probe used consisted of nucleotides 827-1317 of
Fig. 1.

Determination of the Ratio of #pE/trpB. The number of
copies of trpE (on plasmid) and #rpB (on chromosome) was
determined by densitometric scans of Southern blots con-
taining known amounts of pBS2AS9 (¢rpE), pBS2T-1 (trpB)
(18), and endosymbiont-aphid DNA. In the case of trpE, the
DNA was cut with EcoRV to give a 1.9-kb fragment; in the
case of trpB, the DNA was cut with Cla I to give a 2.0-kb
fragment. A standard curve was constructed by using di-
gested plasmids at concentrations in which there was linear-
ity between the number of molecules and the peak height of
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the densitometric scan (four replicates at four concentra-
tions). Endosymbiont-aphid DNA was tested at two concen-
trations (four replicates).

RESULTS

Identification of ORFs. The sequence of the B. aphidicola
3.6-kb Xba I DNA fragment is presented in Fig. 1. Four ORFs
were detected; for three, the DNA sequence given in Fig. 1
is the coding strand. Comparisons with E. coli indicate that
these three ORFs correspond to the major portion of TrpE,
TrpG, and the beginning of TrpE (Fig. 1). The deduced amino
acid sequence of the assembled B. aphidicola TrpE had a 59%
sequence identity to the E. coli TrpE. The latter protein
differs from B. aphidicola TrpE in having six additional
amino acids at the C terminus. The amino acid sequence of
B. aphidicola TrpG had a 61% identity to the E. coli protein.
B. aphidicola TrpE and TrpG also have significant amino acid
identity to E. coli PabB and PabA (p-aminobenzoate syn-
thase; 30% and 42%, respectively) (35, 36). The complemen-
tary DNA strand had an ORF coding for a putative protein of
8.5 kDa that has at each end two potentially membrane-
spanning hydrophobic regions separated by a hydrophilic
stretch. A search in GenBank did not detect a protein with
significant sequence similarity. The guanine + cytosine con-
tent of the DNA of the 3.6-kb fragment (Fig. 1) was 26 mol
%; the guanine plus cytosine content of Buchnera was
previously found to be 30 mol % (37).

Evidence for Tandem Repeats of #pEG on a Circular
Structure. The presence of ORFs coding for parts of TrpE at
both ends of the 3.6-kb Xba I fragment suggested either a
3.6-kb plasmid or tandem repeats of this gene. Restriction
enzyme and Southern blot analysis of B. aphidicola DNA
with enzymes that cut once in the 3.6-kb repeating unit (Xba
I, Pvu 11, Hincll, Sca 1, Acc 1, Bcl 1, Hpa 1) resulted in the
detection of only a single 3.6-kb band (results not shown).
Digestion with EcoRV or with Bgl II (enzymes that cut twice)
gave a single smaller fragment, its size consistent with the
position of the hybridization probe. The absence of any DNA
fragments other than those expected of a 3.6-kb repeating
unit suggested a circular structure. Purified DNA prepara-
tions obtained with or without CsCl centrifugation gave the
same pattern in Southern blots consisting of a major 19.0-kb
band and a minor 14.3-kb band (Fig. 2 A, lane 1; and B, lane
2). Digestion of the DNA with DNase I, under conditions in
which a control supercoiled plasmid was converted to an
open circle (32), did not change the amounts or the electro-
phoretic properties of the 14.3- and 19.0-kb bands (results not
shown). These findings indicate that neither of these two
bands corresponds to a supercoiled plasmid. Digestion with
Xba 1 (Fig. 2A) resulted in the eventual conversion of the
19.0-kb band to a 3.6-kb band via intermediates of 14.3, 10.8,
and 7.2 kb, corresponding to 4, 3, and 2 tandem repeats of the
3.6-kb unit. Similar results were obtained with Hincll, which
cuts only once in the 3.6-kb unit (results not shown).

The major 19-kb band is probably an open circle containing
four 3.6-kb repeats that is retarded in its migration because of
its circular structure, while the minor 14.3-kb band is its
linear degradation product. Evidence consistent with this
interpretation is provided by experiments in which the ki-
netics of DNA digestion were examined by using EcoRV, an
enzyme that cuts twice in the 3.6-kb unit, resulting in 1.7- and
1.9-kb DNA fragments. If the 19-kb band is a circular plasmid
containing four 3.6-kb repeats, then the initial cut will give a
14.3-kb band, and all subsequent bands will be below this
size. If the 19-kb band contains five 3.6-kb repeats, then cuts
that excise a 1.7- or 1.9-kb EcoRYV fragment will give bands
above 14.3 kb. The results of such an experiment (Fig. 2B)
indicated the presence of all of the bands expected of a
circular molecule containing four 3.6-kb repeats. A similar
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TCTAGAAAGCATAATGATTATTGATAGTGCAATGCGTATTTCTTCAGAGGACAATTCAGT 60
L ES I MTITIDSAMTERTISSETDNS V

TrpE -->
TAAATTAACACCCTTATCTATAAATGGGACAGACATTTTATCAACTTTAAAAAAAACGAT 120
K L T PULSTINSGTH DTITULSTTULZKZKTI

ACCTAAAAAAATAGAAATATACGAAAAAAATAACAGTACAATCCTTGTTTTTCCGAAAAT 180
P K K I E I Y E K NN S T I L V F P K I

TAAAAAAAATATTGACGAAGATAAAAAACTTTTTTCCCTGTCAGTTTTTGATGCTTTTAG 240
K K N I DEDIKIK L F S L s V F DA F R

ATTGATGATTAGAATATTTGAAAATCGAGAAAAAAAATCAAAAGCGATGTTTTTTGGTGG 300
L M I R I F ENUZREIKI K S KA AMTFTFG G

ATTATTTTCTTATGATTTAATTTCAGTTTTTGAATCATTACCTAAGTTAAAGGGCAATCA 360
L F s Yy D UL I SV F E S L P KL K G N Q

AAAATGTTCAAATTTTTGTTTTTACTTAGCAGAAACAT TACTGGTTTTAGATCACCAAAA 420
K ¢ s NF C F Y L A ETULL V L D H Q K

AAAAACGTGTTTAATTCAAAATAGTTTATTCAGTAAAAATTTGAAAGAAAGAAAAAGAAT 480
K T C L I 0 N S L F S KN L K E R K R I

TAAAAAAAGATCAGTAGAAATAGAGAGAAAACTCAATGAAAAGTTAAAGTTAATACCAAA 540
K K R SV E I ER KL NEKUL K L I P K

AACAAAAATTAAAGATATCAATTTAACTTCGAATATGAATAATTTTGAATATGGTACTAT 600
T K I K b I NL T S NMNNF E Y G T I

AATAAAAAAATTACAAAAATTAATTCAAAAAGGTGAAATTTTTCAAGTTGTACCATCCCG 660
I K K L Q K L I ¢ K G E I F Q V vV P S R

AAAATTCTATCTACCATGTCCGAACCCGTTATCTGCTTATCAAAAACTAAAAAAAAGCAA 720
K F Y L P CPNUPUL S A Y Q K L K K S N

TCCGAGCCCCTATATGTTTTTTATGCAAGATCAAGATTTTACATTATTTGGAGCATCGCC 780
PsSsS pPY MFFMODOQDFTULF G A S P

AGAAAGTTCATTAAAATACGATGAAAAAACAAGAAAAATTGAACTTTATCCCATTGCAGG 840
E s s L K Y D E K TR K I E UL Y P I A G

AACCAGACCTAGGGGGAAAACTGAAGACGGCAATTTAGATTTAGATTTAGACAGCAGAAT 900
T R P R G K T E D G N 1L DL DL D S R I

AGAACTTGAGATGAGAACTAACCATAAAGAATTAGCAGAACATTTAATGCTTGTTGATCT 960
E L EMURTNUHIKETLAEUHTULMTULV DL

AGCACGCAATGATCTTGCGCGTATCTGCAAACCGGGTTCGAGATATGTTTCAGATTTAGT 1020
A R NDL A R I CK P G S R Y V S D L V

AAGGGTAGATAGATATTCTCACGTAATGCACCTTGTATCAAGGGTGATAGGTGAACTTAG 1080
R vV DR Y S HV MHL V S RV I G E L R

AGAGGGATTAGATGCATTGCATGCATACGCTTCGTGCATGAACATGGGGACGTTAACAGG 1140
E G L DAULHAY ASCMNMMGTTLTG

TGCACCCAAGGTACGAGCAATGCAATTGATTGCTGAACATGAGGGTGAAAAAAGAGGGAG 1200
A P K V R A M QL I A EHEGE KR G S

TTATGGTGGCGCTATAGGCTATTTTACCGATTTAGGTAATTTGGATACCTGTATCACAAT 1260
Yy 6 G A I GY F TDULGNULDTTCTITTI

ACGTTCAGCGTATGTGGAAAAACAAGTTGCCACAATTCAAGCAGGTGCTGGTATTGTTTA 1320
R s A Y V E K QV A TTI QAGAGTI VY

CAATTCGATACCAGAAAATGAAGTAAATGAAAGTTTAAATAAAGCCCAAGCAGTAATTAA 1380
N s I P ENEV NE S L NKAQ AV I N

CGCTATTAAAAACGCACATTATTAAACAGGATTTTTTCCAGAATGGCAAACATTTTACTT 1440
A I K N A H Y *(C-end TrpE TrpG->M A N I L L

TTAGATAACTTTGATTCCTTTACGTACAACCTTGTAGAACAACTGAGAAATAAAAATAGT 1500
L DNVFD S FTYNULVEQULRNIKN S

AATGTATTAATTTACAGAAATACTGTAGACATAAACACAATCTTAAATTCTATAAAAAAA 1560
N VvV L I ¥ RNTV D INTTIIL NS I KK

ATAAGAAATCCTATTTTAATGTTATCGCCAGGACCAAGTACTCCTAAGAACGCAGGATGT 1620
I R N P I L ML S P G P S TP KNAGC

ATGTTAAATTTAATAAAAAAAGTTAAGGGAGAAATTCCCATAGTAGGTATTTGTTTAGGC 1680
M L N L I K KV K G E I P I V G
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CACCAAGCGATAGTAGAAGCCTATGGAGGCATTATCGGATATGCAGGTGAAATATTCCAC 1740
H QA I VEAY G G I I G Y A G E I F H

GGGAAAGCATCTTTGATTAATCATGACGGTTTGGAGATGTTTGAGGGCCTTCCACAACCG 1800
G K A S L I NHDGILEMT FEGTL P Q

TTACCTGTTGCACGATACCATTCGTTAATATGCAATAAAATTCCTAAAAATTTTATTATA 1860
L PV ARYH s L I CNIKTIPKNTFII

AATTCTTATTTTAATGACATGATCATGTCTGTGAGAAACAATTTGGATTACGTATGTGGA 1920
N s Y F NDMIMSVRNNIULUDYV CG

TTTCAATTTCACCCCGAATCTATTTTAACAACATCTGGTGCACTTTTATTAGAAAAAATC 1980
F ¢ F H P E s I L T TS G AL L L E K I

ATTAATTGGGCATCTTTAAAATATAAAGGGTAAAATAAATTAGAAACAAAAGAAATTATG 2040
I N W A S L K Y K G *

ATAAAATATAATTTTGTTTATACTGAAAACGGTTATTTTCAAAAAAAATAAAAACCAATA 2100
ATGCATCTAATCCAATTTATTATAAAAAATACAAACAATCCAAGATTAAGAGGAAAAATT 2160
CTTAATTAAAGCACGCTTATCAATAATCAATAAAAAAAAAACTTAAAAAATAGACTATAA 2220

* H K N K H I I K G
AAAACCGTTGTAAACAAAAACGGAAATATTAATGCTTGTTTTTGTGTATTATTTTGCCCC 2280

W R V S I F ENF F D H V I HUL K F L I
ACCTTACTGAAATAAATTCATTAAAAAAATCATGGACGATATGTAGTTTAAATAAGATAA 2340

F s VvV TATK K F § TG DR F V D F V D
AAGAAACTGTTGCAGTTTTTTTAAAAGAAGTGCCATCCCTAAATACGTCAAAAACATCGA 2400

F P PI DI CCFGNILULTIULTFTFTIRY
AGGGGGGGATATCTATACAACAGAAACCATTTAATAAAATTAAAAAAAATATTCTATATT 2460

Q M <--ORF-1 (8.5 kbDa)
GCATTTATTTTAACGCTCTTIEAATTéASCEITTAATCGTAAAIzGCTTGTTTTAAAé&C 2520

a

ATACGATTATACCQAICCCCCCCCCCCTCCCGATTCAATCGTTACATCééCAGAGCGTTA 2580

a’ b’

TTCAAAATAAACACATTAAATTTTTCATAACACAACATTATTGATGAATTTTAATGTTTA 2640
AAATTCAGGTGATTTAGGCAAAATATGTCCAAAAATATTTTAAAGTACACAAATAGTCTT 2700
GATCTCCTGATAAAAAAAATAATTGATCTATATGAAATTAAAAAAAAACGATAAATATGA 2760
AGTATATCGTTCTCCTTTTATGAAAATTTAATCAAACACATCATTTTACCTTAGATAAAA 2820

DnaA box > < Dna box
AATTAATATAAGTGAAAAAAGTTATCCACATTTTTCTGTGTATAAGTTTATTTTGAAAAT 2880

AGCAAGAAATATGCCCTATTTAATTTAGAAATAATCGTAACATTATGTTTTATATAGAAT 2940
TATTATATTTTCAAAATCTTTAAAATAATGTTATTAACATGTTTATAACTTTGGGGATAA 3000
GTTCTGTATATATATATATTTAGAATTTTTTTCAATATTTAAAAAAACTGCACAATAAAA 3060

AAAAAACCTTTTTAAATACAATGAGTTAGTAGGGATAGGAGGAGTTTTTAAACGTTCTTT 3120

TTTTTGAACATCTCAATTAAAATAAATATATTTAAATATATATAAAGTCTTTTAAAGATC 3180

TTAAAACXXX?CTATTTATATATATAT&TAGTATTTAACTGTTATTATTTCTTTTTTAAA 3240
AATAATATTATTAATATCATTATATTTAACATATTTATTTAATACTTAAATATTTATTAT 3300
ACACTATTTAAAAAAAATAAAGAAATGATTTTATTGATTTAACACACTAAAATAGTTATC 3360
ATTAAATGATTAATTATAGAAAATTAATTAAAATTATTTCTATTTTTTTATCAATAAAAA 3420

AAGAGATTTAAATTAATGTCAAAAAATCCATATGAAATTGAAATAATTCAAAAAACAGCT 3480
TrpE--> M S K N P Y E I E I I Q K T A

CCTTATCATCCCGATCCTACTATGATATTTAATCATCTTTGCGCATCCCGACCAGGAACA 3540
P Y H P D P TM I F NHUL CAS R P G T

TTGTTACTAGAAACAGCTGAGGTAAACAAAAAAAGAGA (TCTAGA) 3584
L L L ETAEV N KZKRD (L E

FiG. 1. Sequence of a 3584-nucleotide B. aphidicola DNA fragment containing trpEG. The upper line is the 5' — 3’ nucleotide sequence;
the lower line is the deduced amino acid sequence in single-letter code. The amino acid sequence above the nucleotide sequence between
positions 2280 and 2520 is the ORF deduced from the complementary strand. *, Stop codon; arrows, direct or inverted repeats. The
double-underlined amino acids in the AS sequence (below positions 719, 722, 734, 737, 770, 3550, 3553, and 3556) are essential conserved residues
for allosteric inhibition by tryptophan (27, 34). The end of sequence in parentheses is a repeat of the beginning sequence. ’

pattern was obtained with Bgl II, an enzyme that also cuts
twice in the 3.6-kb unit (results not shown). An interpretation
of the above results is presented in Fig. 3.

Using a similar methodology, we have also cloned a 1.7-kb
B. aphidicola DNA fragment containing a portion of trpE
(Fig. 3). The nucleotide sequence of this fragment was with
one exception identical to the corresponding sequence of the
cloned 3.6-kb fragment. The sole difference was the number
of consecutive C bases: the 1.7-kb fragment had 9 while the
3.6-kb fragment had 11 (Fig. 1, nucleotides 2537-2547). These
differences are real in that the results of the sequencing were
unambiguous and are consistent with multiple copies of the
3.6-kb unit.

Determination of the Ratio of trpE to trpB. Previously it has
been shown that the B. aphidicola genome contains one copy
of trpB (18). By using endosymbiont-aphid DNA prepara-
tions, it was found that 1 ug of DNA contains 5.1 + 1.0 x 105
copies of #rpB and 7.4 = 1.2 X 107 copies of trpE. These
results indicate a 14- to 15-fold amplification of trpE relative
to trpB and suggest that each cell of B. aphidicola has three
to four copies of the trpE-containing plasmid (Fig. 3).

Properties of the DNA Sequence Between ORF-1 and trpE.
The DNA segment consisting of nucleotides 2465-3435 (Fig.
1) contains inverted and direct repeats. The inverted repeat
(ba-a’b’, between nucleotides 2471 and 2582) has a calculated
AG° of —19.7 kcal/mol (Genetics Computer Group Sequence
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Fi1G.2. Time course of restriction enzyme digestion of B. aphid-
icola DNA containing trpEG determined by means of Southern blots.
(A) Digestion with Xba I. Lanes: 1, undigested DNA; 2, digestion for
5 min; 3, 10 min; 4, 20 min; 5, 30 min; 6, 45 min; 7, 1 hr. Numbers
to the right refer to multiples (repeats) of 3.6 kb. (B) Digestion with
EcoRV. Lanes: 1, digestion with Xba I for 20 min; 2, undigested
DNA; 3-6, EcoRV; digestion for 30 sec (lane 3), 2 min (lane 4), 4 min
(lane 5), and 15 min (lane 6).

Analysis Software, Madison, WI) and contains a loop with
the sequence C11TC3G (nucleotides 2537-2552). The high C
content in this sequence is unusual since B. aphidicola has a
low G+C content in its DNA (30 mol %) (36). Line 2880 (Fig.
1) contains two inverted repeats, followed by two direct,
A+T-rich repeats having 25 identical bases out of 28 (lines
3180 and 3240). The DNA upstream of trpE does not code for
a leader peptide, indicating the absence of control by an
attenuation mechanism similar to that of E. coli (21, 22).

DISCUSSION

Previous work on the genetics and physiology of aphid
endosymbionts and the nutrition of aphids has provided
evidence consistent with the synthesis of the essential amino
acid tryptophan by the endosymbionts and its utilization by
the aphid host (17, 18). These studies include the cloning and
sequencing of genes converting anthranilate to tryptophan
[trpDC(F)BA] (18), the detection of endosymbiont-asso-

Fi1G. 3. Proposed structure of the B. aphidicola plasmid (pBA-
trpEG) containing four tandem repeats of rpEG. Arrows show the
coding region and direction of transcription, the broken line shows
the location of the hybridization probe, and numbers show sizes in
kb. V, EcoRI; X, Xba I; arcs indicate V and X repeating units.

Proc. Natl. Acad. Sci. USA 91 (1994)

ciated tryptophan synthase activity (17), and the demonstra-
tion of a requirement for tryptophan and a decrease in
tryptophan synthase upon treatment of the aphids with
chlortetracycline (17). The present work completes these
investigations by a genetic characterization of AS (trpEG),
the first enzyme of the tryptophan biosynthetic pathway. Our
results show that the deduced amino acid sequence of B.
aphidicola TrpEG resembles the sequence of the enzyme
from E. coli. There is no leader peptide preceding TrpE,
which indicates that B. aphidicola AS, is not regulated by a
transcription attenuation mechanism similar to that of E. coli
and a variety of other organisms (20, 21). The conversion of
chorismate to anthranilate and allosteric inhibition by tryp-
tophan is associated with TrpE (23). It has been shown that
in the case of the Salmonella typhimurium TrpE, eight amino
acid residues are essential for allosteric inhibition (34). With
one exception these amino acids are conserved in B. aphid-
icola TrpE (Fig. 1); the single difference was a change of
serine to threonine (Fig. 1, nucleotide 3553) and is probably
without significance. The conservation of these amino acids
suggests that the B. aphidicola AS is subject to allosteric
inhibition by tryptophan. We were unable to demonstrate AS
activity in endosymbiont-aphid cell-free extracts by the flu-
orometric assay for anthranilate formation from chorismate,
probably because of the low level of activity in such crude
extracts and interference of other constituents with the
enzyme assay (38).

In relation to trpDC(F)BA, trpEG is amplified 14- to
15-fold. The amplification is a consequence of four tandem
repeats of trpEG, which constitute a circular plasmid (pBA-
trpEG, Fig. 3). There appear to be three or four such plasmids
per endosymbiont. The totality of these results suggests the
following interpretation. One of the functions performed by
B. aphidicola is the overproduction of tryptophan, and this
adaptation to an endosymbiotic association necessitates a
modification that would assure sufficient AS activity in the
presence of the endproduct, tryptophan. The solution found
in B. aphidicola is one observed in many other organisms
subjected to growth limitation due to the presence of limiting
amounts of an enzyme activity (30-32). It consists of an
increase in the enzyme protein due to tandem gene duplica-
tion and further amplification by localization on a multicopy
plasmid. Since the allosteric inhibition of AS (23, 39) is not
complete even at high concentrations of tryptophan, gene
amplification and consequent overproduction of the protein
would allow for sufficient AS activity, even in the presence
of inhibitory concentrations of tryptophan.

Suggestive evidence indicating a modification of an en-
zyme resulting in elimination of feedback inhibition has been
found in B. aphidicola cysE. This gene codes for a key
enzyme in cysteine biosynthesis (40), which in E. coli is
synthesized constitutively and is feedback-inhibited by cys-
teine. Mutational analysis has indicated that the C terminus
of CysE is involved in feedback inhibition (41). Comparison
of the deduced B. aphidicola CysE amino acid sequence with
that of E. coli indicated that these two proteins differ in that
the B. aphidicola CysE has a truncation at the C terminus
eliminating the region involved in allosteric inhibition (10).
Unfortunately extensive attempts to overproduce B. aphid-
icola CysE in E. coli and examine its allosteric properties
were unsuccessful because of the degradation of this enzyme
(C.-Y.L., unpublished data). ’

Eubacterial origins of replication contain two or more
copies of a nucleotide sequence known as a DnaA box
(consensus TTATCCACA) followed by two direct A+T-rich
repeats (42-44). Such an arrangement is found between
ORF-1 and trpE (Fig. 1) (two DnaA boxes, two direct
repeats), consistent with the presence of an origin of repli-
cation on each of the four 3.6-kb units that form pBAtrpEG.
With the exception of E. coli and closely related species, all
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of the organisms examined appear to have the origin of
chromosomal replication immediately preceding dnaA (43).
In E. coli the origin of replication is located 40 kb away from
dnaA (43, 44). A single DnaA box is, however, present before
dnaA, since it is required for autoregulation of DnaA expres-
sion. The absence of a DnaA box in front of B. aphidicola
dnaA (9) was unusual and suggested a different mode of
regulation of this protein. The presence of DnaA boxes on
pBAtrpEG indicates that in B. aphidicola these structures
may be involved in initiation of replication and that, as in the
case of E. coli, the origin of replication is found in some
region other than in front of dnaA.

An arrangement in which trpEG is unlinked to other trp
genes is found in Rhizobium meliloti (24), Thermus thermo-
philus (25), and Leptospira biflexa (45). In R. meliloti trpE(G)
genes are fused, and enzyme activity is regulated by atten-
uation as is indicated by DNA encoding a tryptophan-
containing leader peptide preceding trpE(G) and by muta-
tional analysis (24, 46). There is also evidence for regulation
by attenuation in T. thermophilus (25). In L. biflexa, trpEG
codes for separate proteins and, as in the case of B. aphid-
icola, there is no DNA encoding a leader peptide preceding
trpE. R. meliloti trpE(G) is followed by inverted repeats
suggestive of rho-independent terminators. The B. aphidi-
cola inverted repeat, which follows trpEG and precedes
ORF-1 (Fig. 2), contains a stretch of C bases, an unusual
property due to the low G+C content of endosymbiont DNA.
The significance of this putative structure is not known.

The present study demonstrates a positive attribute (gene
amplification) that is a potential adaptation of B. aphidicola
to an endosymbiotic association with the aphid host. Previ-
ous results indicated the absence of regulatory structures in
the endosymbiont DNA that have been found in other
organisms or the presence of one copy of the gene coding for
16S rRNA, a finding consistent with a slow growth rate of the
endosymbionts (8-10, 12).

Note Added in Proof. Katsumata and Ikeda (47) have found that a
modification of Corynebacterium glutamicum that primarily in-
volves an increase in the allosterically inhibited AS protein results in
a major accumulation of tryptophan in the culture medium.

This material is based upon work supported by Entotech, Inc.
(Novo Nordisk) and the National Science Foundation Award IBN-
9201285.
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