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Abstract. The bacterial endosymbiont8chnera  previous support for exclusively vertical transmission of
from the aphidsRhopalosiphum padi, R. maidis, Schiza- the endosymbionts within aphid lineages. Congruence
phis graminum,and Acyrthosiphon pisuntontain the with trees based on plasmid-borne genes supports the
genes for anthranilate synthasepEG) on plasmids origin of the plasmid-born&pEG from the chromosom-
made up of one or more 3.6-kb units. Anthranilate syn-al genes of the same lineage and the absence of subse-
thase is the first as well as the rate-limiting enzyme in thequent plasmid exchange among endosymbionts of differ-
tryptophan biosynthetic pathway. The amplification of ent species of aphids.

trpEG on plasmids may result in an increase of enzyme

protein and overproduction of this essential amino acidKey words: Aphid — Buchnera aphidicola— Cospe-
which is required by the aphid host. The nucleotide se<ciation — Endosymbiosis — Mutualism — Tryptophan
guence oftrpEG from endosymbionts of different spe- biosynthesis —rpEG — trpB — Gene amplification —

cies of aphids is highly conserved, as is an approximatelyPlasmid evolution

500-bp upstream DNA segment which has the charac-
teristics of an origin of replication. Phylogenetic analyses

were performed usingpE andtrpG from the endosym- Introduction
bionts of these four aphids as well as from the endosym-
biont of Schlechtendalia chinensis) which trpEG oc-
curs on the chromosome. The resulting phylogeny wa$ymbiotic associations with intracellular prokaryotes are
congruent with trees derived from sequences of twocommon in insects, especially within the sap-sucking
chromosome-located bacterial genes (partrpB and  Species in the order Homoptera (Douglas 1989; Houk
16S ribosomal DNA). In turn, trees obtained from plas-and Griffiths 1980). One well-studied endosymbiotic as-
mid-borne and bacterial chromosome-borne sequencéciation is betweeBuchneraand aphids (Homoptera:
were congruent with the tree resulting from phylogeneticAphidoidea) (Baumann et al. 1995a,b; Douglas 1989;
analysis of three aphid mitochondrial regions (portionsishikawa 1989). Most species of aphids contain, within
of the small and large ribosomal DNA subunits, as welltheir body cavity, a specialized bilobed structure (bacte-
as cytochrome oxidase I1). Congruence of trees based offome) consisting of an aggregate of cells (bacteriocytes)

genes from host mitochondria and from bacteria adds tgvhich harborBuchnera.The endosymbionts are housed
in symbiosomes which are host-derived vesicles within

bacteriocytes. A typical mature aphifichizaphis grami-
num) contains 5.6 x 19cells ofBuchneraBaumann and
Correspondence toP. Baumann Baumann 1994). The endosymbionts are transmitted ma-
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ternally. The association betweBuchneraand its host development is typical for the family Pemphigidae to
is mutualistic; neither can survive in the absence of thewhich this species belongs. In the endosymbionts from
other. this aphid BuchneraSc), the genes of the tryptophan
Studies on the evolutionary relationshipsBafchnera  biosynthetic pathway are present as two linkage groups
and comparisons with the phylogeny of the hosts supporen the bacterial chromosome consisting of one copy each
an infection of an aphid progenitor with a free-living of trpEG andtrpDC(F)BA (Lai et al. 1995). The lack of
bacterium 100-250 million years ago (Moran and Bau-trpEG amplification inBuchnera(Sc) may be related to
mann 1994; Moran et al. 1993). Concordance betweethe relatively slow development &. chinensiswhich
aphid and endosymbiont phylogenies supports subsénay impose a lower demand for tryptophan.
quent cospeciation of endosymbionts and hosts, resulting More recently, another example of plasmid-associated
in the present species of aphids and strainButhnera.  genes encoding for enzymes of amino acid biosynthesis
These findings suggest exclusively vertical transmissiof!@s been found in aphid endosymbionts. Bracho et al.
of the endosymbionts with no exchange between aphidd1995) have shown th@uchnerafrom the aphidRho-
Insects are unable to synthesize a number of amin@@losiphum pad(BuchneraRp) contains a plasmid with
acids (Dadd 1985). Plant sap, the diet of aphids, is rich ifour genes of leucine biosynthesis. Evidence was also
carbohydrates but deficient in nitrogenous compoundsPresented for the presence of this plasmidirchnera
including certain essential amino acids (Douglas 1993)fr0m several other species, all within the Aphididae.
One of the functions postulated fBuchnerais the syn- In the present communication we examine the genetic
thesis of these essential amino acids (Dadd 1985). Tharganization otrpEG in Buchnerafrom Rhopalosiphum
best evidence indicates that the endosymbionts are ab%ad" R. m_a|d|s(Rm),_andAcyrth05|phon p_|s_un(Ap), .
to overproduce tryptophan, an amino acid that is no ree additional species of the family Aphididae which

synthesized by the insects. Aphids are not able to grow ave rapid development (Dixon 1985). In order to test

on a synthetic diet lacking tryptophan if chlortetracyclinet.he hypothesis that the plasmid-borip genes are de-

is included (Douglas and Prosser 1992). Supplementar—'ved from the chromoso_me of th? same Ime_age and
. . . . subsequently are exclusively vertically inherited, we
tion with tryptophan allows aphid growth. Since chlor- ) ; .

: L . compare phylogenetic trees derived frdrppEG with
tetracycline eliminates endosymbionts, these results ar, : .
) N ; fees derived from genes on the bacterial chromosome
interpreted as indicating that one of the functions of

: . . . . (trpB 1 i | DNA [rDNA t -
Buchnerais tryptophan biosynthesis. Consistent with (trpB and 16S ribosoma Ir ) and a tree de

this int tation is the detecti £ trvptoph h rived from genes on the host mitochondrial chromosome.
IS interpretation 1S the detection of tryptophan Synthasgg g nsmission is exclusively vertical, all trees should be

activity (TrpBA, the last enzyme of the tryptophan bio- congruent

synthetic pathway) in the endosymbionts and its elimi- '

nation in aphids treated with chlortetracycline (Douglas

and Prosser 1992).

Schizaphis graminumesembles other members of the
Aphididae in having rapid development, reaching matu- o o o
rity 7_9 days after birth (Baumann and Baumann 1994)Most of the mgth(_)ds useq in this study have t?een descrlbe_d in d_etall in

. . . our past publications (Lai et al. 1994, 1995); only an outline will be

Buchnerafrom this aphid B_UChneraS_g) contains a"_the presented here. The procedures used include purification of whole

genes of the tryptophan biosynthetic pathway (Lai et alaphid DNA (containing botBuchneraand host genomes), restriction

1994; Munson and Baumann 1993).BuchneraSg the  enzyme and Southern blot analysis, and nucleotide (nt) sequence de-

genes for anthranilate synthase (TrpEG, the first enzym rmlngtlon. For all prokar)_lote sequences, both DNA st_rands were
. . . etermined. Unless otherwise noted, standard methods in molecular

of the pathway) are found on a plasmid Whlc'h.conswfts Obiology were used (Sambrook et al. 1989).

four tandem repeats of a 3.6-kipEG-containing unit

(Lai et al. 1994). The remaining genes of the pathway _ . o _
(trpDC[F]BA) are present as a single copy on the chro- Cloning pf the 3.6-klirpEG-Containing Umt.Usmg the synthe.tlc
. oligonucleotides complementary to conserved regionsri previ-

mosome (Munson and Baumann 1993). Since there arg,sjy described (Lai et al. 1995), in conjunction with the polymerase
about four plasmids per chromosome, the tdtpEG  chain reaction (PCR), a 0.52-kb DNA fragment was amplified from
amplification is 16-fold. Gene amplification is a common €ach of the aphid-endosymbiont DNA preparatioBsighneraRp,
mechanism used by cells to increase the amount of en—Rm, and -Ap) and ligated into pBluescript (Stratageng, La t]olla, CA).

. .. ... These plasmids were used as probes for the detectidarpBfin re-
Z_yme protein under conditions when enzyme aCt“_”.tystriction enzyme and Southern blot analyses of homologous DNA
limits growth (Anderson and Roth 1977). The amplifi- preparations. On the basis of these analyses restriction enzymes were
cation of trpEG in BuchneraSg is an adaptation to a identified for each DNA preparation which in Southern blots cut the
mutualistic association in which the endosymbiont over-trPE-containing DNA into 3.6-kb fragments. Enzymes compatible for
produces tryptophan and supplies it to the aphid host. cloning into EcaRlI-cut, phosphatase-treatad AP (Stratagene) were

. . . . _used to digest the DNA preparatioR\ul for R. padi, Ec®V for R.
In contrast taS. graminum, Schlechtendalia chinensis maidis, Ec®lI for A. pisun). The DNA was electrophoresed and the

has a long developmental period, reaching maturity oveg 43 g-kb fragments were electroelutEdcR| adaptors were added to
a month after birth (Takada 1991). This relatively slow the Pvul- and EcoRV-digested DNA fragments and all preparations

Materials and Methods
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were ligated inta\ZAP. The homologous 0.52-kb probe was used for each of the 5 analyses, we ran 1,000 bootstrap replications using the
the detection of recombinants. In all cases recombinants containing theeuristic search strategy option in PAUP. All sites were weighted
3.6-kb fragment in both orientations were cloned and sequenced; therequally. Total numbers of potentially informative sites for each analysis
were no differences between sequences of the two 3.6-kb units fromvere 415 fortrpE, 127 fortrpG, 184 fortrpB, 94 for 16S rDNA, and
Buchneraof the same aphid species. 86 for the combined aphid mitochondrial analysis.

Cloning a Portion oftrpB. Using the synthetic oligonucleotides Substitution Rates at Synonymous and Nonsynonymous Sites in
complementary to a portion ofpB described by Lai et al. (1995) and trpB and COII. The divergence oM. rhios and S. chinensisan be
PCR, an approximately 0.7-kb amplified DNA fragment was cloned approximately dated at 50-70 million years, based on biogeographic
into pBluescript (Stratagene) in both orientations. The nt sequence waand paleobotanical evidence involving their specific host plants (Moran
determined using a combination of T3 primers and the following syn-1989). This estimate is consistent with molecular clock calculations
thetic oligonucleotide primers which were complementary to nt se-using 16S rDNA sequences (Moran et al. 1993). We used this date to
quences approximately in the middle of the 0.74pB fragment:  calibrate substitution rates at nonsynonymous sites and rates at syn-
5'GG(TA) CC(AG) CAT CCC TAT CC3(downstream) and  onymous sites for the partitrpB sequence and the partial COIl region,
5'CC(AT) CCA CC(AT) ACA CAT GC3 (upstream). using the method of Kumar et al (1994) in the program MEGA. Dis-

tances at each type of site were adjusted for multiple substitutions using

Amplification and Sequencing of Aphid Mitochondrial Regions. the Jukes-Cantor correction.
PCR amplification was accomplished using synthetic oligonucleotide
primers. Primers for COIl amplified a 650-nt fragment from thee8d Function of the Putativ8uchneraPlasmid Origin of Replication in
of COIl to a position near the’Zend of COIl; primer sequences were E_ coli. E. coli JZ294 polAl) is a mutant which is not able to support
5'CAT TCA TAT TCA GAA TTA CC3' (mt2993+ in Stern 1994) and  the replication of ColE origins which are dependent on DNA poly-
5'GAG ACC ATT ACT TGC TTT CAG TCA TCT3 (similar to  merase | (Harding et al. 1982). CqlEeplicons are contained in a

TK-N-3785 in Simon et al. 1994). In addition, a fragment spanning variety of vectors including pBluescript (Stratagene). Competent cells

portions of s- and I-mitochondrial rDNA was amplified and sequencedof 7294 were obtained by the Ca@rocedure (Sambrook et al. 1989)
using SAAA CTA GGA TTA GAT ACC CTATTAT3' (correspond-  and transformed with pBluescript containing the 3.64KRbEG unit

ing to SR-N-14588 in Simon et al. 1994) anth&A TGA AAA CCA from BuchneraSg, -Rp, -Rm, and -Ap. In all of the 3.6-kb fragments
ACC TGG3. Sequencing of aphid mitochondrial DNA followed meth-  the region betweetrpG andtrpE was uninterrupted. As a control the
ods of von Dohlen and Moran (1995). All of the COIl fragment and cells were also transformed with (1) plP637, which contains a pSC101
portions of the rDNA fragment were sequenced with the exception thakeplicon (Huang et al. 1994) which is not dependent on DNA poly-
only part of COIl was sequenced ftdelaphis rhois(Mr) and S. chi-  merase I, and (2) pBluescript. Transformants containing pIP637 were
nensisand COIl was not sequenced for the outgroApglgessp.). found, indicating that cells were competent; transformants containing
pBluescript were not found, indicating that the strain of JZ294 had the
Nt Sequence Accession Numbdiise nt sequences were deposited Correct phenotype.
in GenBank. The accession numbers are in parentheses following the PBSL15 is a vector containing a kanamycin resistance cassette
aphid species designation: 3.6-kb plasmid uRit:padi(L43551),R.  (Alexeyev 1995). This gene was excised by digestion \EtioRI. In
maidis (L43550), andA. pisum(L43555); 0.7-kb portion ofrpB: R. order to prevent religation to pBSL15, the preparation was also di-
padi (L46358),R. maidis(L46356),A. pisum(L46355), andM. rhois gested withHindlll. pBluescript containing the 3.6-kb unit froBuch-
(L46357); partial mitochondrial small subunit rDNA (s-rDNAj: padi ~ neraSg and fromBuchneraRm was digested witlEcoRI, which re-
(U36736), R. maidis (U36735), A. pisum (U36733), S. graminum  sulted in excision of the 3.6-kb unit. Religation into pBluescript was
(U36738),M. rhois (U36734),S. chinensi§U36737), andAdelgessp. prevented by digestion witXhd. The two mixtures were combined
(U36732); partial mitochondrial large subunit rDNA (I-rDNA}. padi and ligated; XLBIlue (Stratagene) was transformed and plated on kana-
(U36743), R. maidis (U36742), A. pisum (U36740), S. graminum  mycin-containing media (Alexeyev 1995).
(U36745), M. rhois (U36741), S. chinensis(U36744), and
Adelgessp. (U36739); mitochondrial COIR. padi(U36749),R. mai-
dis (U36748),A. pisum(U36746),S. graminum(U36751), M. rhois
(U36747), andS. chinensis(U36750). Sequences of mitochondrial
rDNA were not obtained for th&delgesspecies.

Results and Discussion

General Properties of the 3.6-kb Units
Phylogenetic Analysi?arsimony analyses were performed on all

genes, using PAUP (Swofford 1993). Five analyses were performedA characteristic of circular plasmid DNA molecules,
trpE, trpG, trpB, bacterial 16S rDNA, and a combined analysis for Consisting of single units or identical tandemly repeated

three aphid mitochondrial regions, almost the entire COIl (650 nt) and . . . . . .
sections from s-rDNA (344 nt) and I-rDNA (473 nt). For coding genes units, is that complete digestion of the DNA circle with

amino acids were aligned first and DNA alignments made to fit; thesel€Striction enzymes which cut once in the repeated units
alignments were unambiguous. For rDNA, alignments were performedwill give a DNA fragment of the same size. Restriction
using PILEUP of GCG (Genetics Computer Group 1994). Alignmentsenzyme and Southern blot analysis of endosymbiont-
of bacterial 16S rDNA were largely unambiguous. For the mitochon- aphid DNA preparations frorR. padi, R. maidisandA.

drial s-rDNA and mitochondrial I-rDNA, short regions in which the . . .

alignment was unclear were eliminated prior to the phylogenetic analy-pISl"m’l"SIng a§ a hyb“dlzatlon prope a homQIOgous frag'
sis. Additional trp nucleotide sequences used weBechnerasg  Ment of trpE, indicated that a variety of different en-
(219055, 721938) anBuchneraSc (U09184, U09185). The outgroup zymes digested thepE-containing DNA to fragments of

for all of the bacterial gene analyses wéibrio parahaemolyticugtrp 3.6-kb (Baumann et al. 1995a,b). These 3.6-kb fragments
genes X17149, 16S rDNA X74721), which is relatedBuechneraand were cloned and sequenced, and genetic maps, summa-

falls within they-3 subgroup of thé’roteobacteriaThe outgroup for .. - .
the aphid mitochondrial analysis was a species of the géwages rnzing these results, are presented in Fig. 1. Each 3.6-kb

(Homoptera: Adelgidae). Adelgidae, along with Phylloxeridae, is the UNit contained two open reading frames (ORFs) corre-
most closely related group to aphids (von Dohlen and Moran 1995). Fosponding tarpE andtrpG. The nucleotide (nt) sequence
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ori? trpE trpG in a plasmid as well as by an increase in the plasmid copy
515 a2 106 aa S graminum units/plasmid number (Baumann et al. 1995a,b).
3578 nt 4
514 aa 195 aa R padi
3641 nt 4 Sequence Conservation of TrpE and TrpG
514 aa 195 aa R. maidis
8668 nt 1 Figure 2 presents the deduced, aligned amino acid se-
521 aa 200aa A pisum qguences corresponding to TrpE and TrpGBoichnera
sese mt 5, 6,10 Rp, -Rm, and -Ap as well as the previously published
sequences of these two proteins fr@uchneraSg and
Moo 26 = = = BuchneraSc (Lai et al. 1994, 1995). The number of
-33 28-34 23-32 % G+C

residues identical for all taxa was 271 for TrpE and 103
Fig. 1. Genetic maps of the 3.6-kb units which make up plasmids in for TrpG. Comparisons of amino acid sequences among
someBuchnera. Thin lineuntranslated DNAthick line,genes coding the different endosvmbionts indicated identities ranain
for the two protein components of anthranilate synthagee( trpG); y ging
aa,amino acidnt, nucleotidesstippled boxconserved nt sequences of T0M 55 to 89% for TrpE and from 59 to 93% for TrpG.

a putative origin of replicationafi?); striped box,conservedrpE and
trpG nt sequencess + C, guanine-plus-cytosine content of DNA seg-

ments. Data foBuchnerafrom S. graminunis from Lai et al. (1994).  Conserved nt Sequences UpstreartrpE

corresponding to these genes was highly conserved; paiffhe sequences of the aligned 508-600 bp nt regions
wise comparisons of the sequences indicated 70-88% nipstream oBuchnera trpEFig. 1) are presented in Fig.
identity. The nt sequence upstream tobE (Fig. 1), 3. The ntidentity of the sequencesBidichneraSg, -Rp,
which did not contain ORFs, was less conserved (50-and -Rm was 69-75%. THBuchneraAp sequence had
76% nt identity). The nt sequence downstreantrpc ~~ 50-55% nt identity to the corresponding region of these
showed no significant conservation (Fig. 1). The gua-three endosymbionts. These high-sequence similarities,
nine-plus-cytosine (G + C) content of the 3.6-kb unitstogether with the absence of significant ORFs, suggest
ranged from 25-28 moles % f@uchneraSg, -Rp, and that this region has important functional attributes. In
-Rm to 31 moles % foBuchneraAp. G + C content order to maintain itself as a plasmid, a circular piece of
showed some regional differences, with the lowest foundDNA must have an origin of replicatiorofj) (Maloy et
in the regions upstream dfpE (Fig. 1). The chromo- al. 1994). In many cases, the characteristics obramare
somaltrpE and trpG found in BuchneraSc (Lai et al. one or more copies of a nine-nt sequence known as a
1995) had 57-58% and 56-59% nt sequence identityDnaA box(consensus, TTGTCCACA) as well as a re-
respectively, to homologous genesBifchneraSg, -Rp, gion containing a l G + C content (Yoshikawa and
-Rm, and -Ap. InBuchneraSc, neither the region up- Ogasawara 1991). ThHBnaA boxis the region to which
stream oftrpE nor the region downstream &G had  DnaA protein binds while the region ofwoG + C con-
significant nt sequence similarities to the correspondingent is the site at which the two strands come apart and
regions of the plasmid-associategEG. replication begins (Georgopoulos 1989). A portion of the
Another characteristic of circular plasmid DNA mol- nt sequence presented in Fig. 3 has these properties in
ecules, composed of identical tandem repeats, is that pathat one consensu3naA boxis followed by two poten-
tial or timed digestions of the DNA will result in a ladder tial DnaA boxesin an opposite orientation, which differ
of fragments with sizes corresponding to multiples of thein 1 nt from the consensus sequence (2 nt in the case of
individual units (Lai et al. 1994). Timed digestions with oneBuchneraAp DnaA boj (Fig. 3, lines 100 and 200).
Xbal, for BuchneraSg andPvul for BuchneraRp indi-  BuchneraSg contains two 25-nt direct repeats (Fig. 3,
cated the presence of fragments corresponding to 14.8ne 400). The sequence corresponding to only one of
10.8, 7.2, and 3.6 kb, corresponding to 4, 3, 2, and 1 unitthese direct repeats is conserved in all four endosymbi-
of 3.6-kb (Baumann et al. 1995a,b; Lai et al. 1994).onts, suggesting that the direct repeat observegiich-
BuchneraAp contained a mixture of plasmid sizes cor- neraSg is due to a duplication. This sequence contains a
responding to 5, 6, and 10 units (Baumann et al.stretch of alternating A’'s and T's and has avi& + C
1995a,b). It is not known if this variation in number of content. The conserved sequences beginning at nt 511
units per plasmid occurs within individual endosymbi- could correspond to thiep promoter. The sequence TT-
onts or within individual aphidsBuchneraRm differed = GATT—14 nt—AGTTAT has some similarity to the pu-
from the other endosymbionts in having a plasmid con-tative —35 and —10 regions precedifychneraribo-
sisting of one unit (Baumann et al. 1995a,b). These resomal RNA genes (Munson et al. 1993; Rouhbakhsh and
sults are compiled in Fig. 1 and are interpreted as indiBaumann 1995). The sequence GAG (nt 600—602), 10 nt
cating that amplification ofrpEG can occur by an in- upstream of the ATG which initiatdgpE, may be part of
crease in the number of tandem repeats which are preseatribosome binding site.
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TrpE

Sg MSKNPYEIEIIQKTAPYHPDPTMIFNHLCASRPGTLLLETAEVNKKRDLESIMIIDSAMRISSEDNSVKLTPLSINGTDILSTLKKTIPKKIEIYEKNNS 100
Rp MKISAIPILILHIQUEETEITIEIEIEIIETISEN L EI L IDNKI LIS=REIITELELE P LIHIATLL PN HIMEL LV TTES ||| |RRRRKN

Rm  MIIRPIQIITIIIRELIIEEE PR PR TP IAT TP EVNL IKDLES L EIT D IRRILI VIRV PIED LT IALLIRIPILL] ] IERN] |

Ap  MQISHIEIILEITVINIISTIITVECLIGHIRI LR L LV INNT LIV IVIAVE IS IITALIE] |A]}ISTIIENPH| | IKFFI||1S

Sc MCEHLKSMDVLKVETF |QPN| |AT |H|I|RN|SN| || [IS|ITINIKI||IMII|I|ILII||LNMV|TLE||TK||ESL|PVF|SLLP|EVRILSNDNF

Sg TILVFPKIKKNIDEDKKLFSLSVFDAFRLMIRIFENREKKSKAMFFGGLFSYDLISVFESLPKLKGNQKCSNFCFYLAETLLVLDHQKKTCLIQNSLFSK 200
Rp IPTHINTEIDL R PR PP PTERT DL e e b e bbb bbb bbb bbb bbb Qu b risiiTi

R TLIVEIRIPINUDLEEEEE R PP EMETT P LIREE LR E ESQE LIS L b e i b bbb b RPN L

Ap INJI|ISTON| LI EITE LIS TN IMISYNITRRT UL LTI ISNT F L HINVIRKLIPDI L LIV IS IGR

Sc LKIK|||IVKRDI||||ILHV]|I|||I]|LIN|IKIN-KGIISIIIIIIIAIIIVISIINIIRKLITSISIIIIIIIISITIIILNIKRRIIY|IAI|ISS

Sg NLKERKRIKKRSVEIERKLNEKLKLIPKTKIK-DINLTSNMNNFEYGTIIKKLQKLIQKGEIFQVVPSRKFYLPCPNPLSAYQKLKKSNPSPYMFFMQDQ 300
Rp [SNIKI[IEE] T HIRQITIQUINSTIITEI =ttt e et st bbb bbb bbbt bbb e e e e e

Rm IALTTPIRTEITHIER D TE IRV DIVEET=L0 00 bbb e e bbb b bbb bbb bbb bbb e bbb bR

Ap IVDIINFHIRITELTELIENITIDINITIVEVQI LI TISDEQISITI LI LELELEEE LR b P L IE P INISELLLIEN VLIV VLR IE

Sc SNL |R|IKLQH |LL | VKN | | SQNFYPLESTSLKKMI- |KC |RT |RE|EKI| IEMKISIMI| LI LIIEIILIY I LITIIIAVIDVIINILLLLLETLTS

Sg DFTLFGASPESSLKYDEKTRKIELYPIAGTRPRGKTEDGNLDLDLDSRIELEMRTNHKELAEHLMLVDLARNDLARICKPGSRYVSDLVRVDRYSHVMHL 400
Rp (RN RN R R RN NN RN A NN NN RN RN NN RN R RN RN R R RN R R RN RN R RN RN RN RN RN R RN RN

Rm FPEEREEEEEE e e e e bbb bbb EE L e e e bbb bbb bbb bbb b bbb b e IR EIREL LT

Ap PETEEEETEE e EINIQ U E bt P E L IRRETTE T E e bbb bbb bbb e bbb bbb bl L b b

Sc NITILPTEPCE PP DI TLSEREET PP TATIT ST b bbbt tstr bbb bbb IR EIDE TV IALITQEL L E LT

Sg VSRVIGELREGLDALHAYASCMNMGTLTGAPKVRAMQLIAEHEGEKRGSYGGAIGYFTDLGNLDTCITIRSAYVEKQVATIQAGAGIVYNSIPENEVNES 500
Rp FPECTEEEEEEE R r et b et e e e bbb e b e e b bbb iR b bbb b e bbb b b b b IRYCYN LIy

Rm PIRTEEVIRECEEECEEE e bbb bbb bR e bt et e i bbb b bbb bbb ey b e e IN=ATT e

Ap PELIVIQUEIY TR ISTELE RN EE R b b bbb bbb i G G bbb e bbbt bbb bbb e SV L EL VIR LT IR

Sc IHIRITIRIRLDIVELLIQATTEIEISTIIITHIIENISNAIKIRIILILISTENTIASITHIMEITILELFINND LIV ITILD] | IQLY D] |

Sg LNKAQAVINAIKNAH---Y

Rp FEEEErrrerrerr---1

Rm FEEEETEr e ---1

Ap FEETEEETT IR ) ---FTMGSS

Sc K| | |K|ILQ| | SES|SCHIELNIENERHTFAG 532

TrpG

Sg MANILLLDNFDSFTYNLVEQLRNKNSNVLIYRNTVDINTILNSIKKIRNPILMLSPGPSTPKNAGCMLNLIKKVKGEIPIVGICLGHQAIVEAYGGIIGY 100
Rp MIDILVELITEEC T RPN P INT IR L INT PRI ET O D INE L VIR e

R MINPLLEPIZEEEEEE et bbb esvE bbb b R IME P FRIQEE TV D IRTEIE LI LIt

Ap  METELEEEEEEEEEEEEEE E QR IV ELITISIDIIF L IL ILTHEI LV TLIREL L IRIVEIDE LIV el

Sc MNDIILEILEITEEEEEEIDETIINNCIITIT IS TILKKISIMCN] [ JZ1 | IGHIDN| | I HIRILITICIRICITIILIL I IKT] | IN|EN

Sg AGEIFHGKASLINHDGLEMFEGLPQPLPVARYHSLICNKIPKNFIINSYFNDMIMSVRNNLDYVCGFQFHPESILTTSGALLLEKIINWASLKY --~--KG 200
Rp FERVERIREEEEEEEEE P EEEE e bt bbb bbb bbb bbb e bbb ey b bbb bbb bbb e e st 1 ====1
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Fig. 2.  Amino acid sequences of TrpE and TrpG fr@uchneraof five species of aphidg, amino acid identical to the one above; —, absence
of an amino acid. Aphid host8g, S. graminum; Rp, R. padi; Rm, R. maidis; Ap, A. pisum; Sc, S. chinBasisfor Sg and Sc from Lai et al.
(1994, 1995), respectively.

Phylogenetic Relationships whereas irBuchneraSc the genes farpE andtrpG are
in the ancestral chromosomal position (Lai et al. 1995).

Each of the five maximum parsimony analyses resultedcongruence between trees basedtgEG and trees
in a single shortest tree (Fig. 4). These trees are essehased on genes on the bacterial chromosome and aphid
tially identical, irrespective of the molecule chosen for mitochondrial chromosome indicates that plasmid-
analysis. The sole difference is in the order of branchingassociatedrpEG is derived from the ancestral chromo-
of BuchneraSg, -Rp, and -Rm. Relationships among somal genes of the same lineage rather than from an
these three species could not be adequately resolved. exogenous source. This congruence also supports exclu-

Congruence between bacterial trees and the aphid msively vertical transmission of the plasmic-borne genes
tochondrial tree adds to previous evidence suggestingnd the absence of transfer of plasmids amBuaghnera
exclusively vertical transmission dBuchnerawithin lineages. This finding contrasts with the situation in free-
aphid lineages (Moran and Baumann 1994).Buach-  living bacteria, in which plasmids are often readily ex-
neraSg, -Rp, -Rm, and -ApirpEG is plasmid-borne, changed between unrelated bacterial hosts, resulting in
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Fig. 3. Conserved nt sequences corresponding to the putative origin of replication of plasmidduitbmerafrom four species of aphidéwrrows
abovethe nt sequences, inverted repeats and direct repeats (the 25-nt direct repeat is only presentmm iSgjtical to the one above; #, row
of alternating TAs; *, portion of a putative ribosome binding site (nt 600-602).

horizontal transfer of plasmid-borne attributes (CampbellLO0 MY for trpB. Thus, there appears to be no substan-

1981). tial difference in rates of neutral evolution between host
The results presented in Fig. 4 are also consistent witlmitochondrial genes and bacterial genes. In contrast,

the classification of the aphid hosts (Blackman andrates of substitution in host nuclear 18S rDNA are much

Eastop 1984)S. graminum, R. padgndR. maidisare in  slower than rates in homologous parts of the bacterial

the tribe Aphidini;A. pisumis in the tribe Macrosiphini. 16S rDNA (Moran et al. 1995).

Both of these tribes are in the family Aphidid&é. rhois

andS. chinensisire both in the tribe Fordini within the

family Pemphigidae. Function ofBuchnera orin E. coli

Rates of Substitution itrpB and COIl pBluescript vectors contain a Cqllérigin of replication
which is uniqgue among bacterial origins of replication in

Synonymous substitutions can be considered to approxihat it is dependent on DNA polymerase | (Kingsbury
mate neutrality with respect to fitness and so might beand Helinski 1973). ArE. coli mutant defective in this
expected to evolve in a clock-like manner over time. Theenzyme is not able to support replication of pBluescript
corrected number of substitutions per site for synony-containing the 3.6-klrpEG-containing inserts, indicat-
mous sites foM. rhois — S. chinensiss 0.678 + 0.152 ing that the putativ®uchnera oriis not able to function
substitution/site for partial COIl (mitochondrial) and in this organism. Attempts to detect replicatiorEncoli
0.900 + 0.131 for the partidaipB (bacterial). Calibrating XLBlue (Stratagene) of the 3.6-kb fragments ligated to a
with 60 MY as the estimated date of divergence for thesegene for kanamycin resistance from pBSL15 (Alexeyev
two species (Moran et al. 1993), these distances corret995) were unsuccessful. These results indicate that the
spond to rates of approximately 0.44—0.69 substitutionsputative Buchnera oriregion does not function in this
site/100 MY for COIl and 0.64-0.86 substitutions/site/ capacity inE. coli.
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Fig. 4. Phylogenetic trees resulting from parsimony analyses of nt sequentgEptrpG, trpB (partial), 16S rDNA fromBuchneraand three
regions of the aphid mitochondrial chromosomébreviationsindicating the aphid hosts are identified in the tedumbersare bootstrap
percentages from parsimony searches (1,000 replicates), presented only for nodes with greater than 50% support.

Conclusions derived from the ancestral chromosomal copy and not

From present and past investigations, the following con-,
clusions can be drawn:

1.

an exogenous source and that endosymbionts of dif-

ferent aphid species do not exchange plasmids.

3. A DNA segment found in each of the 3.6-kipEG-
containing units has nt sequences characteristic of an
origin of replication. DNA fragments containing this
segment do not function as an origin of replication in
E. coli.

In four representatives of Aphididas.(graminum, R.
padi, R. maidis,and A. pisun), trpEG is plasmid-
associated. 5. chinensisa member of Pemphigidae,

trpEG is present on the chromosome. Species in _
Acknowledgments. E. caliz294 and plasmids plP637 and pBSL15

Aphldldae ShO.W ger,‘era"Y faSter, dev,eIOpment thar\/vere the gifts of J. Zyskind, M.M. Igo, and M.F. Alexeyev, respec-
most Pemphigidae, including. chinensisThe plas- vely. This material is based on work supported by the National Sci-
mid location and amplification dfpEG may be con-  ence Foundation under awards No. MCB-9402813 and DEB-9306495
nected with a higher demand for tryptophan by spe-and by the University of California Agricultural Experiment Station.

cies in Aphididae.

. Phylogenetic analysis &uchnergplasmid-borne and
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