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ABSTRACT The 16S ribosomal RNA sequences from
Agrobacterium tumefaciens and Pseudomonas testosteroni have
been determined to further delimit the origin of the
endosymbiont that gave rise to the mitochondrion. These two
prokaryotes represent the a and B subdivisions, respectively,
of the so-called purple bacteria. The endosymbiont that gave
rise to the mitochondrion belonged to the a subdivision, a
group that also contains the rhizobacteria, the agrobacteria,
and the rickettsias—all prokaryotes that have developed in-
tracellular or other close relationships with eukaryotic cells.

The question of mitochondrial origins has on one level been
settled. Mitochondria arose as bacterial endosymbionts with-
in some ancestral type of eukaryotic cell (1-3). The question
has now become the nature, the phylogenetic origin, of the
endosymbiont(s). The proper comparative analyses of mac-
romolecular sequences should provide the answer.

Cytochrome ¢ comparisons ostensibly localize the mito-
chondrial origin rather precisely. Mitochondrial cytochromes
¢ are of the medium subunit type (4). This, and the large
subunit type appear confined to a particular group of purple
photosynthetic bacteria and their relatives—now called the a
subdivision of the purple bacteria (4-6). The remaining
subunit type, small (which is presumably the ancestral type),
is found in other eubacterial groups, but not among the a
purple bacteria (4). Mitochondrial cytochromes c¢ are also
relatively close to the bacterial medium subunit cytochromes
in sequence (4). However, the gene for mitochondrial
cytochrome c is located in the eukaryotic nucleus, not in the
mitochondrial genome, which makes the assumption that
cytochrome ¢ genealogy represents mitochondrial genealogy
somewhat questionable. Additional evidence is needed if the
case for mitochondrial origins is to be a strong one.

Ribosomal RNA genes do reside in the mitochondrial
genome (1). Unfortunately, mitochondrial rRNA sequences
do not readily localize the origin of the mitochondrion
precisely—for the reason that these RNAs have changed
drastically over their evolutionary course. They are very
different from all other rRNA sequences and remarkably
different from one another as well (2, 3, 7). So far all that has
been concluded from their analysis is that they belong to the
general eubacterial line of descent, that they represent a very
deep branching therefrom (2, 7), and that they are probably
polyphyletic in origin (7, 8).

The plant mitochondrial rRNAs are an exception to the
above in that they are not so highly idiosyncratic; they are
obviously eubacterial in kind, almost typically so (3, 34).
Thus, if the appropriate eubacterial rRNA sequences were
available for comparison, the origin of the plant mitochon-
drial rRNA could be localized to one of the eubacterial
‘‘phyla’’ (9), which, in turn, might serve to localize the origin
of the remaining mitochondria. Since cytochrome c analyses
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suggest the mitochondrion to have arisen from the purple
bacterial ‘‘phylum,’’ we have sequenced the 16S rRNA genes
from Agrobacterium tumefaciens and Pseudomonas
testosteroni, organisms that represent the a (6) and 8 (10)
subdivisions, respectively, of the purple bacteria. The Esch-
erichia coli 16S rRNA (11) is representative of the remaining,
v, subdivision (12).

MATERIALS AND METHODS

Strains. Agrobacterium tumefaciens DSM 30105 was a
generous gift of the German Collection of Microorganisms
(6). Our isolate of Pseudomonas testosteroni ATCC 11996,
the type strain, was maintained for some time (as strain KS
0043) in the culture collection of K. Komagata (Tokyo).

Growth of Organisms and Isolation of Nucleic Acids. The
organisms were grown under standard conditions and har-
vested in logarithmic phase (6, 9). Nucleic acids, RNA and
DNA, were isolated by standard procedures (13, 14).

Cloning. The rRNA genes of A. tumefaciens were cloned
as a 9-kilobase-pair (kb) partial EcoRI restriction fragment in
the AgtWES-AB system, using standard methods (15, 16).
From the original clone, two subfragments, approximately
0.6 and 2.0 kb, which together covered the entire 16S rRNA
gene, were produced by complete EcoRI digestion and
inserted into the phage M13 (mp8 and mp9) vectors for use as
sequencing templates (17). [The smaller clone covers the 16S
rRNA gene from just before the 5’ terminus to the EcoRl site
ending at position 679, in E. coli numbering (11). The larger
clone starts from this site and ends well into the 23S rRNA
gene.]

The corresponding P. testosteroni rRNA gene was initially
cloned as a partial Sau3A restriction fragment, of about 13
kb, in the BamHI site of A\L47.1 (18). Subcloning in phage
M13 utilized, as above, the EcoRlI site (that ends at position
679), to give two fragments covering the entire 16S rRNA
gene. In addition, several subclones of these two were
created in the phage M13 system—running from (i) upstream
of the 5’ end to position 187 (Bgl II); (ii) position 182 (Bgl II)
to 679 (EcoRl); (iii) position 674 (EcoRI) to 1359 (Sau3A); and
(iv) position 1356 (Sau3A) to 1530 (Sau3A).

Sequencing Methods. The 2’,3'-dideoxynucleotide chain
termination method (19) was used throughout. Synthesized
strands were labeled by the inclusion of deoxyadenosine
5'-[a-[*3S]thio]triphosphate (20). Two types of G sequencing
reactions were routinely employed, one normal, the other in
which dGTP was replaced by dITP (dideoxy GTP being used
to terminate chain growth) (21). (The method affords better
resolution in regions where G bands are otherwise collapsed.)
The M13 priming site (17) as well as specific priming sites
within the rRNA gene, for which primers were synthesized
(most at the University of Illinois DNA Synthesis Facility),
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BUCAAAAUCUSA  GUUUGAUCCU  B6CUCAGAAG  GAACGCUAGC UAUAUGC-—UUA ACACAUGCAA GUCBAACGUU GUUULCEEGE KHIGAAUAG UUGAGAACAA AGUGGCBAAC GGBUSCBUAA
CUCAACUUGAGA  BUUUGAUCCU GBCUCAGAAC BAACGCUBEC BGCAGGC--UUA ACACAUGCAA GUCGAACECC CC ~~6CAA---- -————-6666 AGUGGCAGAC G66UGAGUAA
CEAACUAUAGA  BUUUBAUCCU  GGCUCAGAUU  BAACGCUSGC GGCAUGC—-UUU ACACAUGCAA GUCGAACGEU AACAGBUC—- —-UUCG-——- GAUGCUBACE AGUGGCEAAC GGBUSAGUAA
AMUUGAAGA  BUUUBAUCAU  B6CUCAGAUU  BAACBCUBSC GBCABSC—CUA ACACAUGCAA GUCSAACGGU AACABEAAGA AGCUUGCUUC UUUGCUGACE AGUSGCGEAC GGGUGABUAA
AMAUGAGA  GUUUBAUCCU  GECUCAGBAU  AAACGCUSGC GBCUBGC--CUA AUACAUGCAA GUCGAACBEE 66UB~—-— ~-CUUG—-- -—-CACCUC ABUGSCEAAC GGEUSAGUAA
AAAAUGGAGA  GUUUGAUCCU G6CUCABEAU BAACGCUBGC GGCBUBC--UUA ACACAUGCAA BUCGAACE66 CUC
AUUCC GGUUBAUCCC BCCEGAGECU -ACUSCUAUU  66BBUUCEACUA AGCCAUBCEA BUCUAUGBU- ———mmm—m= ——NJCG~--- — ~==---6C CAUGGCGGAC GGCUCAUUAA

CGCEUSEEAA- UCUBCCBAAC ABUUCEG6-- —---—CCA AAUCCUGAAG AAAGCUCAAA AGC 6 CUSUUUGAUG AGCCUGCBUA
CBCBUBEEAA- UCUACCEUBC CCUBCGEAAU AGCUCCEBEA AACUGBAAUU AAUACCECAU ACGCCCUA-—-——--C6 GG6GAAABA= ——---———UUU A----—UC6 GGGUAUGAUS AGCCCECEW
UACAIK:SSM CGUSCCUAGU AGUBGEGGAU AACUACUCSA AAGABUABCU AAUACCECAU GAGAUCUA---——--C6 GAUGAAAGCA GGGGACCUUC 666CCUUBUG CUACUABAGC GGCUBAUSSC

ACUGCCUGAU ‘66AGE6EEAU AACUACUGGA AACGBUAGCU AAUACCGCAU AACSUCSC AA GACCAAABAG GBGGACCUUC 66GCCUCUUG CCAUCGGAUG UGCCCAGAUG
CACGJAUOUM CCUACCIIJAU AGCBE6G6AU AACUUUUGEA AACEAAAGAU AAUACCECAU GUAGAUCUUAMXAAAAG AUCAAAABAA CC-----GUU U---GBWCA CUAUGAGAUE 666AUSCEEC
CGCBUBABAA- UCUBCCUACA BGBACGEGGAC AACAGUUGEA AACGACUGCU AAUACCCEAU 6-USCCGA---————-GA GBUGAAACA- ———---— =W A----- ~U66 CCUSUAGAUG AGCUCGCEUC
CACEUSBUUAA CUUAACCUEA GGUBEAGCAU AACCUUGGEA AACUGAGEAU AAUUCUCCAU AAGAAAAGCAXXUCUUU UCUSAAAGC- AUA U------6C6 CCCEAGGAUA GGACUCECU

GUAUUAGEUA  BUUBGUCAGE  UAAAGECUSA CCAAGCCAAU GAUSCUUAGC UGSUCUULLUC GBAUBAUCAS CCACACUSG6 ACUBAGACAC G6CCCEGACU CCCACEGGS6 GCAGCAGUGE
G6AUUAGCUA  6UUBBUBEEE UAAAGGCCUA CCAAGGCEAC GAUCCAUAGC UGBUCUBAGA GBAUGAUCAG CCACAUUSSG ACUSAGACAC GGCCCAAACU CCUACGGGAG 6CAGCAGUGE
ABAUUAGBUA ~ BUUBBUBEEG UAAABGCUUA CCAAGCCUGC GAUCUBUAGC UGBUCUGAGA BSACGACCAG CCACACUGG6 ACUBAGACAC GSCCCAGACU CCUACGGSAS GCAGCAGUGE
G6GAUUAGCUA  BUAGBUSGEG UAACGSCUCA CCUAGGCBAC GAUCCCUAGC UGGUCUGAGA GBAUBACCAG CCACACUGGA ACUGAGACAC BSUCCAGACU CCUACGGEAG GCA 6CAGCAGUBE
GUAUUAGCUA - BUAGBUBAGA UAAUAGCCCA CCUAGGCGAU GAUACEUAGC CGAACUSAGA GSUUGAUCSG CCACAUUGGE ACUBAMAUAC G5CCCABACU CCUACGGEAS GCAGCAGUAG
UGAUUAGCUA  6UUGGUBEEE UAABBECCUA CCAAGGCGAC GAUCASUAGC UGBUCUBAGA GGAUGAUCAG CCACACUGGE ACUBAGACAC G6GCCCABACU CCUACGGGAS 6 GCAGCAGUGE
CEAUUAGBUA  BUUGGUBESE UAAUGECCCA CCAAGCCUAC GAUCGAUACE GGCCUUGAGA GAGSGABCCC GBAGAUSGES ACUBABACAC G66CCCCAGSC CCUACGGEEC GCAGCAG6CE

6BAAUCUUGE  ACAAUSGGCG AAAGCCCEAU CCAGCAAUAU CGCGUGAGUG  AAGAAGEGCA AUSCCGCUUGUA AAGCUCUUUC BUCGABUBCE CBAUC AU
B66AAUAUUGE  ACAAUBGECE CAAGCCUBAU CCAGCCAUSC CBCBUSAGUS AUGAAGSCCU UAGBEUUBUA-~ AAGCUCUUUC ACCEBAGAA AUAA-—~---= —=mmmmmmme —eeemee el

BGAAUULUGS  ACAAUSGECE  AAAGCCUBAU CCAGCAAUSC CGCBUSCAGE AUSAAGECCC UCGBSUUBUA-- AACUGCUUUU GUACGEAACS AAAA-BCCUBE GGCUAAUAUC CCCSGGUCAU
GGAAUAUUGC  ACAAUGSGCG CAAGCCUBAU BCAGCCAUGC CGCBUBUAUG  AAGAAGECCU UCEGEUUBUA-- AAGUACUUUC AGCGGGGAGE AAGG-GAGUAA AGUUAAUACC UUUSCUCAUU
BEAAUULLLUC  ACAAUBGACG AAAGUCUBAU BAAGCAAUGC CGCGUBAGUS AUBACGECCU UCEGSUUBUA—— AAGCUCUSUU GUAAGGGAAG AAAAAAUAGAS UAGEAAA-US ACUUUAUCIU
BBAAUULICC  GCAAUBE6CE CAAGC—GAC GBAGCAACGC CGCBUBGG66 AGGAAGSULU UUGGACUSUA-- MCCCCU.IM CUCAGGEAAG AABA=-——-== ==mm——mmm = AAGU
CBAAACCUCC BCAAUSCACG AAABUBCBAC 6666GGACCC CAABUSCUCA UBC------~ ACA—---6C~- AUGGGCUUL AUCAABU--- --—-GUAAACA =--mmmmmmm ——m

GACAGBACUC GABGAABAAG CCCCEGCUAA- CUCCEUBCCA GCAGCCGCB6 UAAGACGEG66 GGGGCAABUS UUCUUCGBAA UGACUBGSCS UAAAGBSCAC GUAGGCESUS AAUCGESUUS
BACGBUAUCC GGABAABAAG CCCCGGCUAA- CUUCGUGCCA GCAGCCGCGS UAAUACGAAG 6666CUAGCE LUBUUCGGAA UUACUGGGCE UAAAGCGCAC GUAGSCSAU AUUUAAGUCA

GACBSUACCE  UAAGAAUAAG  CACCBGCUAA- CUACEUGCCA GCAGCCGCS6 UAAUACGUAG GGUSCAAGCS UUAAUCGSAA UUACUSGGCE UAAAGCEUSC GCAGSCEEUU UUGUAAGACA
GACBUUACCC 6CAGAAGAAG CACCEBCUAA- CUCCEUBCCA GCABCCECE6 UAAUACGSAG GBUSCAAGCS UUAAUCGSAA UUACUSGSCG UAAAGCECAC GCAGGCESUU USUUAAGUCA
BACAGUACCU  UACCAGAAAG CCACGGCUAA- CUAUBUGCCA GCAGCCGCGE UAAUACAUAG BUBBCAAGCS UUAUCCEBAU UUAUUGEGCS UAUAGGGUSC GUAGBCESUU UUSCAAGUUU
GACGBUACCU  BAGBAAUAAG  CCUCGECUAA- UNCCBUBCCA GCAGCCGCGE UAAUACGGEA BAGBCAAGCE UUAUCCEBAA UUAUUGGGCE UAAAGCGCCU GCAGSCESUU AAUCAABUCU
—————6CW GBAGBAAUAAG BGCUSGECAAG UUCGBUGCCA BCAGCCGCE6 UAAUACCEAC 66CCCEABUS GUAGCCACUC UUAUUSBECC UAAABCEUCC GUAGCCESUC CAGUAASUCC

AAMGUBAAAG  -UCGCCAAAA  AGUGECGEAA  ~UBCUCUCGA AACCAAUUCA CUUGABUGAG ACAGAGGABA GUGSAAULUUC GUGUSUAGGG GUGAAAUCCS UABAUCUACE AAGGAACSCC
6666UGAAAU AACUCUBBAA  CUGCCUUUGA UACUBSGUAU CUUGABUAUG GAAGAGGUAA GUGGAAUUCC GAGUGUAGAG GUGAAAUUCE UAGAUAUUCS BAGBAACGCC
CCCCEBBCUC  AACCUGGBAA CUGCCAUUGU BACUBCAAGE CUABAGUGCG GCAGAGGG66 AUSGAAUUCC GCGUSUAGCA GUGAAAUGCS UAGAUAUBCS GAGBAACACC
GAUSUGAAAU  CCCCBB6CUC  AACCUBGBAA CUSCAUCUSA UACUGGCAAE CUUGAGUCUC GUAGAGG6G6 GUAGAAUUCC AGGUSUAGCE GUGAAAUGCS UABAGAUCUS GAGGAAUACC
GAGGUUAAAG  UCCGBAGCUC AACUCCEBUU C6-CCUUGAA BACUBUUUUA CUAGAAUGCA AGAGAGGUAA GCGGAAUUCC AUSUGUAGCS GUSAAAUGCS UAGAUAUAUS GAAGAACACC
BUUSUCAAAG  CBUGBBECUC  AACCUCAUAC  AGGCAAUGGA AACUGAUUGA CUAGAGUAUG GUAGGGBUAE CBBBAAUUCC AGBUGUAGCS GUGAAAUGCS UAGAUAUCUS SAAGAACACC
CUSUUUAAAU  UCUCUBBCUU  AACCAGABBA CUSGCABEGA UACUSCUSBA CUUGGBACCE GEAGAGEACA ABGSUACUCC AGGGBUAGCE GUGAAAUBUS UUBAUCCUUS GAGSACCACC

AMAGCBAAG  BCAGCUCUCU  666UCCCUAC  CBACGCUSG6 GUGCGAAAGC AUGGGGAGCE AACAGGAUUA GAUACCCUSE UAGUCCAUGC CGUAAACGAU GAGUBUUCEC CCUUSBUCU---—

ABUBGCGAAG  GCEGCUUACU GGUCCAUUAC UBACGCUGAG BUBCEAAAGC GUGGEGAGCA AACAGGAUUA GAUACCCUGE UAGUCCACEC CGUAAACGAU GAAUSUUABC CBUCGSBCAG-—-
6 BGCAAUCCCCU 666CCUSCAC UGACGCUCAU GCACGAMGC GUGGGEAGCA AACAGGAUUA GAUACCCUSE UAGUCCACEC CCUAAACGAU BUCAACUGBU UBLUBSBUC---—

66UGBCGAAG BCE6CCCCCU GEACEAABAC UBACGCUCAG GUGCGAAAGC GUGBSGAGCA AACAGGAUUA GAUACCCUGG UAGUCCACEC CGUAAACSAU GUCGACUUGE AGBUUBUGCC———

UGUSGCBAAA  GCEGCUUACU B6CUUBUUAU  UBACGCUGAG GCACGAAAGC GUGGGGAGCA AAUAGEAUUA GAUACCCUAG UAGUCCACGC CGUAAACGAU GAGUACUAAG USUUGG6—---—

ABCE6CBAAA  GCGCECUACU  GGGCCAUAAC  UBACGCUCAU  6GACGAAAGC UAGGGGAGCE AAAGGGAUUA BAUACCCCUG UAGUCCUAGC CGUAAACGAU GAACACUAGE

UAUBGCEAAG  BCACUUSUCU GBAACEBBUC CBACGGUGAG GGACGAAAGC CAGGG6CECE AACCEEAUUA GAUACCCGS6 UAGUCCUSEC CBUAAACUCU GCGAACUAGS USUCACOWBSOCU

--AC6C6BAU CAGGGECCCA BGCUAACGCBU BAAACACUCC BCCUGGGGA6 UACGGUCECA AGACCEAAAC UCAAAGGAAU UGACEGG666C CUGC-ACAAGC GBUBSAGCAU

~UAUACUBUW  CBGUBECGCA GCUAACGCAU UAAACAUUCC 6CCUBGGG6AE UACGGUCBCA AGAUUAAAAC UCAAAGBAAU UGACEGG66C CCGC-ACAAGC GEUBSAGCAU GlBGlM.IMU
UUAACUBACU  CAGUAACGAA  GCUAACGCBU GAAGUUGACC GCCUGGGEAG UACGGCCGCA AGGUUGAAAC UCAAAGEAAU USACGSSEAC CCGC-ACAAGC G6USGAUSAU BUSGUUUAAU
CUUBAGGCBU G6CUUCCE6A GCUAACGCBU UAAGUCBACC GCCUGGGEAG UACGECCGCA AGBUUAAAAC UCAAAUGAAU UBACESGGGC CCGC-ACAAGC GGUSGAGCAU GUGGUUUAAU
6UAM-——CU CAGCECUGCA GCUAACGCAU UAAGUACUCC GCCUGAGUAG UAUGCUCGCA ABABUGAAAC UCAAAGEAAU UBACGSGBAC CCBC-ACAAGU GGUGGAGCAU GUGGUUUAAU
UCBACCCGCE CAGUBCCGUA 6CCAACBCEU UAAGUBUUCC GCCUBGGGA6 UACGCACGCA ABGUUGBAAAC UCAAAGBAAU USACGE666C CCGC-ACAAGC G6UGSAGUAU GUGGUUUAAU
CGAGCCCAGE UBBUBCCGAA G66AABCCEU UAABUUCECC 6CCUGEGGA6 UACBEUCBCA ABACUGAAAC UUAAAGGAAU UBGCE6666A SCACCACAACG GGUSGAGCCU GCEGUUAAU

w UCGAUACME BCECAAAACC UUACCAGCCC UUSACAUAUGA ACAACAAAACCU BUCCUUAACA GGAUBSUA-- ----CUSACUUU CAUACAGGUS CUGCAUGGCU GUCGUCAGCU CEUGUCGUSA

UCBAAGCAAC 6CECAGAACC UUACCAGCUC UUGACAUUCE- GGGUUUGGECAG UGGAGACAUU GUCCUUCAGU UAGGCUBSCCCC AGMCAGGUG CUSCAUGECU BUCGUCAGCU CGUBUCEUBA
UCGAUGCAAC  GCGAAAAACC UUACCCACCU UUGACAUBGC- AGEAACUUAC-- CAGAGAWGJ UUSGUGCUCE AAAGAGAACCUG CACACAGEUG CUGCAUGSCU GUCSUCAGCU CEUBUCGUSA
UCGAUGCAAC  GCGAAGAACC UUACCUGBUC UUGACAUCCA- CEGAAGULUL-- CAGAGAUGAG AAUBUSCCUU --CEEGAACCEU SAGACASGUG CUSCAUGECU BUCBUCAGCU CEUBUUBUGA
UCGAAGCAAC  ACGAAGAACC UUACCAGG6C UUGACAUCCA- BUBUAAAGCUA- UAGAGAUAUA GUAGA-66UU —=---AACAUU GAGACAGGUS GUGCAUGSUU GUCGUCABUU CSUGCCEUGA
UCGAUBCAAC BCGAAGAACC UUACCAGG6U UUBACAUCCC- CCGAAUCUCU-— UBGAAACEAG AGAGUSCCUU --CEG6AGCE66 GAGACAGGUS BUGCAUGSCU GUCBUCAGCU

UBBAUUCAAC  BCCEBBCAUC UCACCABBAE  CBA---CAGC- AUBAUSACGBCC ABBUUGACGA CCU------- -UGCCUBAAGCE CUGABAGGUS BUGCAUGSCC AUCGUCAGCU CBUACCSCGA

GAUBUUUBEU CAAGUCCUAU AACGAGCGAA ACCCUCGUUU USUGUUGCUG AGACA¥¥%6USCEU-- 6CCBCACUCA- CGABGGACUS CCAGUGAGAU ACUG-GAGGAA BGBUSSEEAUS ACGUCAAGUC
GAUBUUGEEU UAAGUCCCSC AACGAGCGCA ACCCUCGCCC UUABUUGCCA GCAUU----—UAGU-- UBGECACUCU- AAGGGGACUG CCEEUGAUAA GCCGAGAGEAA GGUBEGGAUS ACGUCAAGUC
GAUBLUGE6U UAAGUCCCEC MCGAGCGCA ACCCUUGCCA UUAGUUBCUA ~CAUU-----CABU— UGAGCACUCU- AAUGGGACUS CCGEUGACAA ACCG-GAGEAA GGUBGEEAUS ACGUCAAGUC
AAUBUUGE6U UAAGUCCCEC MCGASCGCA ACCCUUAUCC UUUGUUGCCA 6C66U-----CCBEC- CEGEAACUCA- AAGGAGACUS CCAGUGAUAA ACUG-GAGEAA G66UBGEEAUS ACGUCAAGUC
66USUUGEEU UAABUCCCEC AACGAACGCA ACCCUUGUCE UUABUUACUA ACAUU-----AAGU-- UGAGAACUCU- AACGAGACUG CUAGUG-UAA GCUA-GAGGAA ACBUCAAAUC
GAUGLUGEEU UAAGUCCCEC AACGAGCGCA ACCCACGUUU UUABUUGCCA UCAUU-----CAGU-- UGGBCACUCU- AGAGAAACUG CCEGUBACAA ACC6-6AGGAA GBUBUGBACS ACGUCAABUC
6ECBUCCUBU UAAGUCAGEU AACEAGCGAG ACCCBUGCCC UAUBUUGCGA CUACUUUCUCCEEAAG GUAAGCACUCA UAGGEEACCE CUAGCECUAA GCUA-GAGGAA BBAGCESSCA ACBAUAGEUC

C6CAUGSCCC UUAUBGECUG GBCCACACAC GUGCUACAAU  GECAAUGACA  AUGGGAAGCA AGGCUGUAAG GCEEAGCEAA  UCCGGAAAG- AWGCCUCAS UUC66AUUBU UCUCUGCAAC
CUCAUSGCCC  UUACB66CUG  G6CUACACAC GUGCUACAAU GGUGGUGACA GUGGGCAGCG AGACAGCGAU GUCGAGCUAA  UCUCCAAAA- A6 UUCGEAUUGC ACUCUSCAAC
CUCAUGSCCC UUAUAGGUGE GGCUACACAC BGUCAUACAAU GG6CUGBUACA AAGGGUUGCC AACCCGCGAG GGGGAGCUAA UCCCAUAAAG CCAGUC&IAG UCCG6AUCEC AGUCUGCMC
AUCAUGBCCC  UUACGACCAG  GGCUACACAC GUGCUACAAU  GGCGCAUACA AAGAGAAGCG ACCUCGCGAG AGCAAGCGGA CCUCAUAAAG UGCGUCGUAS UCCEGAUUEE AGUCUSCAAC
AUCAUGCCCC  UUAUBUCCUG  GGCUACACAC  GUGCUACAAU  66CUGGUACA AAGAGUUSCA AUCCUSUGAA GGEGAGCUAA UCUCAAAAAA CCAGUCUCAG UUCGSAUUGA AGUCUSCAAC
AUCAUGCCCC  UUACAUCCUG  GECUACACAC  GUACUACAAU  GCUCCEGACA BCBAGACEC6 AAGCCGCGAG GUBAAGCAAA  UCUCCCAAAC CE666CUCAE UUCABAUUSC AGGCUSCAAC
CBCAUGCCCC  GAAUCUCCUE  GGCUACACEC G66CUACAAU  BGCUAGEACA AUBGSCUSCU ACCCUGAAAA  GEBACGCGAA UCUCCEAAAC CUAGUCGUAG UUCGSAUCEU G66CUSUAAC

UCEG6AACAU  BAAGUUGAAA  UCGCUAGUAA  UCGCGBAUCA GC-AUGCCECE GUGAAUAUGU ACCCBE6CCC UGUACACACC GCCCBUCACA CCCUBGGAAU UBBUUUCECC CBAAGCAUCE
UCGAGUSCAU  BAABUUBGAA  UCBCUAGUAA  UCGCAGAUCA  6C-AUGCUGCE GUGAAUACGU UCCCGEGCCU UBUACACACC GCCCBUCACA CCAUGGGAGU CGAAGBUAGU
UCGACUSCEU  BAASUCEEAA  UCGCUAGUAA UCGUBBAUCA GA-AUBUCACE GUBAAUACGU UCCCBEGUCU UBUACACACC GCCCGUCACA CCAUBGGAGC G6GUCUCGCC AGAAGUAGGU
UCBACUCCAU UCGCUAGUAA  UCGUBGAUCA  GA-AUGCCACE GUBAAUACGU UCCCEE6CCU UBUACACACC GCCCGUCACA CCAUBGGASU GGEUUGCAAA AGAAGUAGGU
UCGACUUCAU  BAAGCCEEAA UCACUAGUAA UCGCGAAUCA BCUAUSUCGCE GUSAAUACGU UCUCGGGUCU UBUACACACC GCCCBUCACA CCAUGAGAGU UBBUAAUACC AGAAGUAGGU
UCGCCUBCAU  EAAGBCE6AA UCGCUAGUAA UCBCAGGUCA BC-AUACUSCE GUGAAUACGU UCCCESGCCU USUACACACC GCCCGUCACA CCAUGGAAGU UGGCCAUSCC CGAABUCSUU
UCBCCCACEU  BAAGCUBGAA UCCGUABUAA UCGCAGUUCA UA-AUACUGCG GUBAAUBUGU CCCUGCUCCU UGCACACACC GCCCGUCACA CCACCCGAGU UGGBUUCAGE UGAGGCCUUG

GACCAAUBAUC  ##NUUAUUGGC GCAUACCACG GUBGGGUCUU CGACUGGEGU GAAGUCGUAA CAAGGUAGCC GUAGGGGAAC CUGUGGCUGE AUUGAAUCC 1955
GCBCUAACC-6  CAA-GGAGGCA GCUAACCACG GUAGGGUCAG CGACUGGG6U GAAGUCGUAA CAAGGUAGCC GUAGGGGAAC CUGCGGCUG6 AUCACCUCCU LUCU 1489
AGCCUAACC-6  UAA-66A666C GCUUACCACE 6CGBEGUUCE UGACUGGGGU GAAGUCGUAA CAAGGUAGCC GUAUCGEAAG BGUGCGECUGE AUCACCUCCU WCU 1536
ASCUUAACC-U  UCE~66A666C GCUUACCACU UUBUBAUUCA UGACUGEE6U GAAGUCGUAA CAAGGUAACC GUAGGGGAAC CUGCGGUUSE AUCACCUCCU UA 1542
AGCUUAACC-A  UUU-G6AGABC BCUUCCCAAG GUAGGACUAG CEAUUGGEGU GAAGUCGUAA CAAGGUAUCC GUACGGGAAC GUGCGEAUGE AUCACCUCCU WCU 1524
ACCCUAACCEU  UC6CE6AGG66 GGCECCEAAG GUAGGECUGA UBACUGGEEU GAAGUCGUAA CAAGBUAGCC GUACCGGAAG GUGUGECUGE AUCACCUCCU W 1487
6CC = UWU----G6CU ABGBUCGAAC CUGBECUCAG CGAGGGGG6U GAAGUCGUAA CAAGBUAGCC GUAGGGBAAC CUGCGGCUGS AUCACCUCC 1466

spacings reflect the E. coli sequence as well (11).
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Alignment of seven 16S rRNA-like gene sequences. The sequences, in order of listing, are from the following: wm, wheat
mitochondrion (3); At, A. tumefaciens; Pt, P. testosteroni; Ec, E. coli (11); Mc, Mycoplasma capricolum (23); An, Anacystis nidulans (24); and
Mv, Methanococcus vannielii (25). To make presentation more concise three large, idiosyncratic insertions (replaced by asterisks) have been
omitted from the mitochondrial sequence (3), as have several smaller idiosyncratic regions (similarly indicated) from two of the other sequences.
[The sequence of M. capricolum has been corrected in about five positions, where we feel certain, from oligonucleotide analysis (26), that the
published version is incorrect (unpublished analysis).] Each sequence is broken into lines of 100 E. coli positions. Numbering and 10-nucleotide
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were used. Details of the internal primer system will be
published elsewhere.

In determining the A. tumefaciens sequence, the following
sequence fragments were read from the indicated priming
sites (arrows show the direction of reading, the number in
parentheses gives the approximate location of the internal
priming site, and ‘“M13”" in parentheses means the usual M13
priming site was used): 5'—145 (M13); 10<-235 (270); 15«-330
(340); 35—335 (010); 265—590 (255); 280<505 (520);
360679 (M13); 535—679 (520); 674—940 (M13); 674895
(920); 810—1085 (795); 935<1090 (1100); 1085—1360 (1050);
10801370 (1400); 12501450 (1240); 1300<-1520 (1540);
14153’ (1400).

In determining the P. testosteroni sequence, the following
sequence fragments were generated from the indicated prim-
ing sites: 5'«<186 (M13); 183—450 (M13); 275510 (260);
350510 (520); 350679 (M13); 370—490 (340); 535—679
(520); 674—880 (M13); 680<-900 (920); 840—1095 (800);
8901090 (1100); 1085—1320 (1050); 1090<-1350 (1390);
11701359 (M13); 1356—>1533 (M13); 1465—3' end (1400).

Sequence Alignment and Tree Construction. The sequences
were aligned by the procedure of Woese et al. (22)—i.e., an
initial alignment based upon obvious sequence homology was
refined by use of the known secondary structural features of
the molecule.

Analyses were limited to those regions of the aligned
sequences in which structural homology was evident among
all sequences being compared. The calculation of sequence
homologies, the conversion to estimates of evolutionary
distance, and the inference of the tree most consistent with
these data were performed as described previously (2).

RESULTS AND DISCUSSION

Fig. 1 shows an alignment of the 16S rRNA-like sequences
from (i) the plant mitochondrion; (ii-iv) representatives of the
a, B, and y subdivisions of the purple bacteria—i.e., A.
tumefaciens, P. testosteroni, and E. coli, respectively (6,
10-12); (v) Mycoplasma capricolum (23), which is phylo-
genetically a Gram-positive eubacterium (26, 27) (see Fig. 2);
(vi) Anacystis nidulans (24); and (vii) the archaebacterium
Methanococcus vannielii (25).

The upper right triangle of data in Table 1 is a similarity
matrix based upon those positions in the Fig. 1 alignment that
are represented in all of the first six sequences. The plant
mitochondrial 16S rRNA-like sequence is clearly closest to
its counterparts among the purple bacteria, closest of all to

Table 1. Homology matrix for sequences of Fig. 1

wm Ag Pt Ec Mc An
wm — 48 38 35 34 34
Ag 46 (26) — 55 57 52 53
Pt 35(14) 48 (6) — 61 52 52
Ec 330 52(14) 58(33) — 48 52
Mc 33 (21) 47(14) 4722 4 (9 — 50
An 29 (17) 44(14) 44(18) 4421 44220 —

Data are analyzed in three ways: (i) Upper right triangle. Only
positions represented in the mitochondrial and all five eubacterial
sequences are considered; for convenience of analysis all positions
of constant composition among these six are excluded; similarity is
expressed as percentage of total positions (in this case 617) in which
the given pair have the same composition. (ii) Lower left triangle.
Additionally removed from consideration are those positions of
constant composition among six of the seven sequences in the Fig.
1 alignment; similarity is again percentage of total positions (in this
case 491). (iii) Lower left triangle, values in parentheses. Number of
positions (set of 617) in which composition is the same in and unique
to a given pair of sequences (exclusive of the archaebacterial
sequence). Abbreviations are as in Fig. 1.
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the a subdivision representative, from A. tumefaciens. How-
ever, the converse does not hold: All the eubacterial se-
quences in Fig. 1 are closer to one another than any is to the
plant mitochondrial sequence. There are two possible expla-
nations of the low overall homology the plant mitochondrial
sequence shows with the eubacterial sequences. Either the
mitochondrial sequence branched deeply and the similarity to
A. tumefaciens is a coincidence, or the mitochondrial se-
quence is specifically related to the A. tumefaciens sequence
and has diverged from all the sequences due to a more rapid
accumulation of mutations. Comparisons with the archae-
bacterial sequence support this latter explanation; although
all the eubacterial sequences are about equally similar to the
archaebacterial sequence, the mitochondrial sequence is
significantly less similar (data not shown), indicating a higher
rate of divergence of the mitochondrial lineage.

The relationships among sequences are more concisely
summarized as a phylogenetic tree. Fig. 2 presents a
phylogeny inferred from the small subunit rRNA sequences
presented in Fig. 1, as well as those of Bacillus subtilis (28),
and representative animal (29), fungal (7), and ciliate (30)
mitochondria. The tree groups the mitochondrial sequences
together, and specifically with the A. tumefaciens sequence.
Testing different combinations of these sequences leads us to
several generalizations regarding the tree: The inclusion of
the more rapidly evolving—i.e., nonplant—mitochondrial
sequences ‘‘pushes’’ the mitochondrial lineage closer to the
root of the tree, decreasing the apparent affinity to the A.
tumefaciens sequence in the tree shown. The tree is insensi-
tive to the choice or omission of archaebacterial representa-
tion. The branching order in the tree remains unchanged if a
eukaryotic sequence is added and the mouse mitochondrial
sequence is omitted. The great divergence of the mouse
mitochondrial sequence from all other sequences makes its
branching location the least certain.

It is instructive to analyze the alignment of Fig. 1 further
to reveal the source of the asymmetry in the initial analysis
of sequence similarities (Table 1). Its branch length in Fig. 2
suggests that the plant mitochondrial rRNA has evolved more
rapidly than its bacterial counterparts—but nowhere near as
rapidly as the other mitochondrial rRNAs. Rapidly evolving
rRNAs show a pronounced tendency to vary from sequence
patterns common to all normal rRNAs (22, 31). This char-
acteristic is clearly evident in the plant mitochondrial se-
quence (and, of course, far more pronounced in the other
mitochondria). To give some examples, the plant sequence
contains large idiosyncratic insertions in the regions 80-90,
1130-1140, and 1445-1455 (3), and lacks the structure in the
143-179 region characteristic of all eubacterial, archaebacte-
rial, and eukaryotic rRNAs (22, 32). More subtle idio-
syncrasy occurs in the secondary structural loops located at
positions 297-300 and 618-622 (see Fig. 1), which otherwise
conform to a common pattern in all eubacteria and
archaebacteria (22). Single nucleotide idiosyncrasies can be
seen—e.g., at positions 1381 and 1413. [In the last three
examples the common pattern is defined not simply by the
sequences of Fig. 1 but by the 400 or so bacterial 16S rRNAs
that have been partially sequenced by the oligonucleotide
cataloging method (9, 27).]

The analysis in the upper triangle of Table 1 corrects for
this idiosyncrasy to a slight extent in confining itself to those
positions that are represented in all eubacterial (and the plant
mitochondrial) sequences. A more extensive correction for
idiosyncrasy would be to additionally eliminate from the
analysis of the Fig. 1 alignment all positions wherein one
sequence differs from a pattern that is common to all the rest
(including the archaebacterial sequence). Of the additional
125 or so positions thereby excluded, 50 are from the plant
mitochondrial sequence! This correction, shown in the lower
left triangle of Table 1, significantly enhances the apparent
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0.1 Agrobacterium tumefaciens

wheat mito.

» == MOUSE Mito.
N Aspergillus nidulans mito.
:=-<Q~ Paramecium primeaurelia mito.
Pseudomonas testosteroni

Escherichia coli

Mycoplasma capricolum
Bacillus subtilis

Anacystis nidulans

Methanococcus vannielii

0.1 Agrobacterium tumefaciens
/ wheat mito.

Pseudomonas testosteroni
Escherichia coli

Mpycoplasma capricolum
Bacillus subtilis

Anacystis nidulans

Methanococcus vannielii

Fi1G. 2. Phylogenetic trees of small subunit rRNA sequences. The evolutionary distances (estimated number of mutational events per
sequence position) between the nodes of the trees are reflected in their horizontal separation. The upper tree includes mitochondrial sequences
representing all of the eukaryotic kingdoms. Tree construction is based upon positions 6-63, 105-122, 240-254, 272-290, 310-315, 339-405,
499-587, 665-739, 761-825, 874-993, 1045-1069, 1183-1245, 1292-1420, and 1480-1534 (E. coli numbering). The branches to the mouse,
Aspergillus nidulans, and Paramecium primeaurelia mitochondrial sequences have been shortened (note the line breaks) by 0.4, 0.2, and 0.2
unit, respectively. Due to the potential errors in the inference of the mouse mitochondrial branch location we do not attach significance to the
difference between the mitochondrial branching order and that for the corresponding nuclear-defined rRNAs [in which the metazoan lineage
diverges prior to the separation of the plant, fungal, and ciliate lineages (unpublished analysis)]. The lower tree was calculated without the
nonplant mitochondrial sequences to eliminate the distortion introduced by the faster-evolving sequences and, thereby, more accurately illustrate

the affiliation of the A. tumefaciens and mitochondrial lineages.

closeness between the plant mitochondrial and A. tumefac-
iens sequences. While the latter, as expected, remains the
closest of all to the plant sequence, the converse now almost
holds—i.e., the plant mitochondrial sequence is as close to
the A. tumefaciens sequence as any of the others are, except
the E. coli sequence. However, the other eubacterial se-
quences still remain further from the sequence of the plant
mitochondrion than they are from each other.

Another way to bring out mitochondrial genealogy is to
focus on (nonidiosyncratic) derived characters, traits that
have arisen in, and so are characteristic of, particular
groupings. In this case the alignment is scored for positions
in which composition is not only common to a given pair of
sequences, but unique to that pair as well (within the
eubacteria). The result is shown in parentheses in the lower
left triangle of Table 1. (As above, the analysis involves only
those positions that are represented in all eubacterial se-
quences.) Now, not only is the A. tumefaciens sequence the
closest to that of plant mitochondrion, but the converse holds
as well.

The failure of previous analyses to cluster mitochondrial
rRNA sequences specifically with one another and with the
purple photosynthetic bacteria (then represented by E. coli)
appears to be an artifact of the methodology and the data then
available (2, 7, 8). Several features distinguish the present
analysis from the earlier ones: (i) The earlier studies lacked
as specific a mitochondrial relative as A. tumefaciens and as
slowly diverging a mitochondrial sequence as that of the plant
mitochondrion, thereby requiring the analysis to resolve
smaller differences in relatedness against a larger background
of sequence divergence; i.e., the earlier studies looked at
smaller differences between larger numbers. (i) The in-
creased understanding of eubacterial 16S rRNA primary and
secondary structure (22) has led to improved sequence

alignments. (iii) The inclusion of animal mitochondrial and
eukaryotic sequences in the same tree exaggerated the
systematic errors in the tree inference methodology that is
caused by widely varying evolutionary rates.

Thus, the mitochondrial rRNA analysis is now in accord
with the conclusions from cytochrome ¢ sequence analysis
(4, 33). Mitochondria from all eukaryotic kingdoms appear to
have originated from the a subdivision of the purple eubacte-
rial ‘‘phylum.”

The a subdivision of the purple bacteria contains several
types of organisms whose common characteristic is intimate,
usually intracellular, association with eukaryotic cells—the
rhizobacteria, agrobacteria and, a recently recognized addi-
tion (unpublished observation), the rickettsias. It would be of
interest to know whether the mitochondrial ancestor be-
longed to the same subgroup of the a subdivision, a-2 (6), as
do these other organisms. The answer may be found in
sequencing rRNA representatives of the three known sub-
groups of the a subdivision in an attempt to refine further the
placement of the mitochondrial ancestor.
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