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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 (3 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 c comparisons ostensibly localize the mito-

chondrial origin rather precisely. Mitochondrial cytochromes
c 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 c 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

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 f3 (10)
subdivisions, respectively, of the purple bacteria. The Esch-
erichia coli 16S rRNA (11) is representative of the remaining,
'y, 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 XgtWES-XB 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 EcoRI 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 XL47.1 (18). Subcloning in phage
M13 utilized, as above, the EcoRI 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); (it) position 182 (Bgl II)
to 679 (EcoRI); (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-[35S]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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WM 6IJCAAAAUCUGA 6IUU6)AUCCU GGCUICAGAAG GAACGCUlAGC UAUAUGC-UUA ACACAUGCAA GUCGAACGUlU 6UUUUC66G6 ****GAAUAG UUGAGAACAA A6IJS6CGAAC GGGU6C6UAA 233At CUCAACUIJ6AGA 6UIUU6AUCCUI GGCUCA6MAC 6AAC6CUlG6C 66CA66C--UUA ACACAU6GCAA GUC6AAC6CC CC---- -6CAA--. 6666-G AGUGGCA6AC GGGUGAGUAA 102Pt CGAACJAUIAGA IJUIU6AUICCU 6CUICAGAUIU 6AAC6CU66GC 66CAU6C--UUlU ACACAU6CAA GUC6AAC66GU AACAGGUC- -UUlCG---- GAUGCUGACG A6U66C6AAC 6G6UAGUAA 113Ec AAAUU6GAAGA GLRMUAUICAU GGCUCAGAUIJ GAACGCU66C GGCA66C-CUJA ACACAUIGCAA GUCGAACGGU AACA66AA6A AGCUU6GCUUlC UUlUGCUGACG A6GJ66CGGAC GGGUJ6AGUAA 120NC AAAAUG6AGA 6UUUAUICCJ GGCUICAGGAU AAACGCUlGGC GGC1J66C--CUA AUACAUGCAA 6UC6AAC666 GGU6---- --CUU6--- ---CACCUC A6U66SC6MC GGGUGArAJAA 103An AAAAUGGA6A 6UUUAUICCU GGCUICAGGAUI 6AACGCUGGC GGC6GJ6C--UlUA ACACAU6CAA GUC6AACGGG CUC----- --UUCG6- ---. 6AGCU A6U66CG6AC GGGUGAGIJAA 102MV AUIUCC GGUlUGAUCCC GCCGGAGGCU -ACIJGCUAUlU GGGGUIUCGACUA AGCCAUGCGA GUCUAU6GGU- - -UUG---------CG. - C CAU66C66AC 66CUlCAUUlAA 91
wo CGC61J666AA- UCU6CCGAAC AG4JUCGGG-- -----CCA AAUCCUGAAG AAAGCUCAAA A6C------- - -----6G CUGUUUGAUG AGCCU6CGUA 308At CGC6GJ666AA- UCUACCGUGC CCUGCGGAAU AGCUCCGGGA AACU66AAUIU AAUACC6CAU AC6CCCUA.----CG GGGGAAA6A.--UUU- A-----UJC6 6G6UAUG6AUG A6CCCGC6UIU 208Pt UACAUCGGAA- CGUGCCUIAGU A6U66666AU AACUACUC6A AAGAGUAGCU AAUACC6CAUl GA6AUCUA.----C6 GAU6MAA6CA GGGGACCUIUC GGGCCUIGU6U6 CUACUAGAGC GGCUGAUlGGC 233Ec UGUICIJ66AA- ACUGCCLJGAUl G6AGGGGGAUI AACUACUGGA AAC66GJAGCU AAUACC6CAUl AAC6UC6C------AA GACCAAAGAG GGGGACCUUC 666CCUICUUG CCAUICGGAUG6 U6CCCAGAUG 240Mc CACGUAUCUAA CCUACCUUAU AGCGGGGGAU AACLUlUU66GA AACGAAAGAUI AAUlACC6CAU GUAGAUCUlUA**AAAAG AUCAAAAGAA CC-----6GUUI U-GG6UIUCA CUAUGAGAUG GGGAUGCGGC 233An CGCGUGAGAA- UCUGCCUJACA 66AC6666AC AACAGLUU66A AAC6AC:U6CU AAUACCCGAU G-UGCCGA-------A GG6U6AAACA.- -UU--U A.---UGG CCUGUAGAU6 AGCUC6CGUC 207Mv CACGUGGUUAA CUIUAACCUICA GGUGGAGCAU AACCUUIG6GA AACU6GA66AU AAUUICUCCAU AAGAAAAGCA**4JCUUlU UCUGAAAGC.-----AUA U.6--CG CCC6A66AUA 66ACU6C6CL 215
wo GUAUUIAGGUA GUIU66CAGG UAAA66CU6A CCAAGCCAAU GAUGCUUAGC UG6UCUUIUUC GGAUGAUCAS CCACACUGGG ACU)GAGACAC GGCCCGGACU CCCAC6GG66 GCA6CAGUGG 428At GGAUIUA6GUA G6UUGGU6666G UAAA66CCUA CCAAGGCGAC 6AUCCAUA6C U66UCU6A6A GGAUIGAUCAG CCACAUU666 ACU6GA6ACAC 66CCCAAACU CCUAC666AG 6CA6CA6U66 328Pt AGAUIUA66UA 6UIU66U6666 UAAA66CUIUA CCAAGCCUGC 6AUCU6UA6C UGG6UCU6AGA 66AC6ACCA6 CCACACU666G ACU6A6ACAC GGCCCAGACUI CCUAC666A6 GCAGCAGUGG 353Ec GGALIUAGCUA 6UA66U666GG UAAC66CUICA CCUA66C6AC GAUCCCUAGC U66UCU6A6A GGAUGACCAG CCACACU66A ACU6GA6ACAC 66UCCAGACUI CCUACGGGAG GCAGCAGUGG 360Mc GUAUIUAGCUA GUAGGUGAGA UAAUA6CCCA CCUIA66C6AU GAUACGUAGC C6AACU6GA6A 66UU6AUC66 CCACAUU6G6G ACU6GAAAUAC 66CCCAGACUI CCUAC666A6 GCA6CA6UA6 353An UGAUIUAGCUA GUU6GGUGGGG UAAGGGCCUIA CCAAGGCGAC GAUCAGUAGC U66UCU6A6A GGAUGAUCAG CCACACUGGG ACU6A6ACAC 66CCCA6ACU CCUAC6G6AG GCAGCAGU66, 327Mv CGAUUAGGUA G6UU66U6666 UAAUGGCCCA CCAAGCCUAC GAUCGAUACG 66CCUU6A6A GA6G6AGCCC GGAGAU6666 ACU6A6ACAC 66CCCCA66C CCUAC6666C 6CA6CA66C6 335
wo GGAAUICUU66G ACAAU666C6 AAA6CCC6AU CCAGCAAUAU C6C6UGAGUG AAGAA666CA AUGCCGCUlUGUA AA6CUCUUUC GUCG6AJGUCG C6AUIC--.------- -AU 527At GGAAUAUU66 ACAAU666C CAA6CCU6GAU CCA6CCAU6C CGCGUGAGU6G AU6AA66CCU UA666UU6UA-- AA6CUICUUUC ACCGGAGAAG AUAA- -- - -- - .---------U 423Pt GGAAUUIJUU ACAAU666CG AAA6CCU6AU CCA6CAAU6C C6CGUG6CAGG AU6AA66CCC UIC666UUUA-- AACU6CUlUUU GUACGGAACG AAAA-6CCU66 66CUlAAUAUC CCC666UCAU 473Ec GGAAUAUU6GC ACAAU6G6CG CAA6CCU6AU 6CA6CCAU6GC C6C6U6UAU6 AA6AA66CCUI UCGGGUU6GUA-- AA6UACUIUUC A6C6666A66 AAGG-GAGUAA A6UIUAAUACC UUU6CUCAUlU 480Mc 66AAUlUUUlUC ACAAUGGACG AAAGUCUGAUI GAAGCAAUGC C6C6UGA6U6 AUIGAC66CCU UCGGG6UU6UA-- AA6CUCU6UU GUAAGGGAAG AAAAAAUA6A6 UAGGAAA-UG ACUUUOAUCUU1 473An GGAAUJlJUUCC GCAAU666GCG CAA6C-6AC 66A6CAAC6C C6C6U66666 A66AAG6UUUJ UIUGACUGUA- AACCCCUUIUU CUCAGGGAAG AA6A------ .-----------AA6U 423Mv C6AAACCUCC GCAAU6GCACG AAA6U6C6AC 666666ACCC CAA6U6CUCA UGC.----ACA----6C- AUGGGCUUUU AUCAA6U--.---UAAACA.----- -- -- 417
wi 6ACA66ACUIC 6A66AA6AA6 CCCC66CUAA- CUCCGUGCCA GCAGCCGC66 UAAGACGGGG GGGGCAAGUG UUCUUlCGGAA UGACUGGGCG UAAAGGGCAC GUA6GC66UG AAUCGGGUlUG 647At 6AC66UAUCC GGA6MAAGA6 CCCC66CUAA- CUIUC6U6CCA GCAGCC6C66 UAAUAC6AAG GGGGCUlAGCG UU6UUJCGGAA UUACUlGGGCG UAAAGCGCAC GUAG6C66AU AUUlUAA6UCA 543Pt GACGGUACCG UAAGAAUAAG CACC66WUAA- CUIAC6U6CCA 6CA6CC6C66 UAAUAC6UA6 GGUG6CAAGC6 UUAAUCGGAA UUlACUGGGCG UAAA6C6U6C GCA66C66UlU UU6GUAA6ACA 593Ec GACGUIUACCC 6CAGAA6M6G CACC66CUAA- CUCC6U6CCA 6CAGCCGCGG UAAUAC66AG GGUGCAA6CG UUlAAUiCGGAA UUACU66GCG UAMAGCGCAC 6CAGGC6GUU UGUUAAGUICA 600Mc GACA6IJACCUl UACCAGAAAG CCAC66CUlAA- CUAUGUGCCA GCAGCC6CGG UAAUACAUA6 6U66GCAA6C6 UUAUCC66AU UUAUU66GC6 UAUAGGGUGC 6UA66C66UlU UUGCAA6UUU 593An GACGGUACCU 6A66AAUIAA6 CCUC66CUAA- UUCC6U6CCA 6CAGCCGCS6 UAAUAC666A GAGGCAAGCG UUIAUCCGGAA UUlAUlU666C6 UAAAGCGCCU GCA66C66UlU AAUCAA6UCU 543Mv -------6CUU 6A66AAUAA6 66CU666GCAA6 UUiCG6UGCCA GCAGCCGCGG UAAUACC6AC 66CCC6A6U6 GUAGCCACUIC UUlAUlU666CC UAAA6C6UCC 6UASCC66UC CAGUAA6UCC 532
wo AAAGUGAAAG -UC6CCAAAA AGUG6CGGAA -U6CUCUCGA AACCAAUIUCA CUUSGAGUGAG ACA6A66A6A SUGSAAUUUJC GUGUGUAGGG GUGAAAUXCC UA6AUCUAC6 AA6GAACGCC 765At G6GGlUGAAAUl CCCAGASCUIC AACUICU6GAA CU6GCCUUIU6A UACUIGGGUAU CUIUGAG6UAUG GAABAGGUAA GUGGAAUUCC GAGU6GUAGAG GUGAAAUlUCG UAGAUIAUIUCG GAGGAACGCC 663Pt 6UG1JAAAUI =CCGGGCUC AACCUIGGGAA CUGCCAUU6GU GACUGGCAASG CUA6AGUGCG GCAGAGGGGG AUGGAAUUICC 6C6U6UAGCA GUGAAAUGCG UAGAUAUIGCG GAGGAACACC 713Ec GASU6IGAAAU CCCCGGGCUIC AACCU66GGAA, CUSGCAUCUIGA UACUGSCAAG CUULGAGUICUC GUAGAGGGGG GUAGAAUUJCC AGSU6AGCG GUGAAAUGCG UAGA6AUICUG 6A66AAUACC 720Mc GAGGUIUAAAG UCCGGAGCUC AACUlCCGGUU CG-CCUIUGAA GACUGUUUA CUAGAAUGCA AGAGAGGUAA 6C66AAUIUCC AU6UGUAGCG GUGAAAUGCG UAGAUAUAUG GAAGAACACC 712An GUIUJGCAAAG CGUIGGSGCUIC AACCUICAUAC AGGCAAUGGA AACUGAUIUGA CUAGAGUAUG GUAGG661JAG C666AAUUJCC AGGUGUAGCG GUGAAAU6CG UAGAUAUCUG6 SAAGAACACC 663Mv CUGUUIUAAAUI UICUCUG6CUIU AACCAGAGGA CUIGGCAGGGA UACUIGCU6GA CUUIGGGACCG 66A6A66ACA A66GUACUICC AGGGGUAGCG GUGAAAL6U UUGAUCCUlU6 GAGGACCACC 652
we AAAAGCGAAG 6CAGCUCUCUI GGGUCCCUIAC CGACGCUIGGG SUGCGAAAGC AUGGGGAGCG AACAGGAUUIA GAUACCCUGG UAGUCCAUGC CGUAAACGAU GAGUGUUCGC CCUU6GGUCU---- 884At AGUGGCGAAG GC6GCUlUACUl GGUCCAUIUAC U)GACGCUlGAG GUGCGAAAGC GUIGGGGAGCA AACAGGAUIUA GAUACCCUGG UAGUCCACGC CGUAAACGAU GAAUGUIUAGC CGU)CGGSCAG--- 783Pt 6AUIGGCGAAG GCAAUCCCCU 6GGCCUSCAC UGACGCUICAU GCACGAAA6C GUGGGGAGCA AACAGGAUIUA GAUACCCUGG UAGUCCACGC CCUIAAACGAU GUCAACUGSGU UGUUG6SUC---- 832Ec GSSUGGCGAAG 6CGGCCCCCU SGACGAAGAC UGSACGCUlCAG GUlGCGAAAGC RUGGGGAGCA AACAGGAUIUA GAUlACCCU)GG UAGUJCCACGC CGUAAACGAU GUC6ACUUIGG AGGUIUGUIGCC- 840Mc UGUGGCGAAA GC6GCUlUACUl SGCUkUULAU UGACGCUGAG GCACGAAAGC GUG6GAGCA AAUIAGGAUIUA GAUIACCCUAG UAGUCCACGC C6UAAAC6AU GAGUACUAAG UWLGGG-6----- 829An AGCGGCGAAA GCGCGCUACUl GGGCCAUIAAC UGACGCUICAU GGACGAAAGC UAGGGGAGCG AAA6GGAUUIA GAUACCCCUG UAGUCCUAGC CGUAAACGAU GAACACUIAGG UGUlUGCGUGAA- 784Mv UAUGGCGAAG GCACUIUGUICUI GGAACGGGUC CGACGGUGAG 6GACGAAAGC CAGGG6CSCG AACCGGAUIUA GAUACCC6G6 UAGUCCUGGC C6UAAACUCU GCGAACUAGG UGUCACCUIGGGCCU 776
wo --ACGCGGAU CA6G6GCCCA GCUAAC6C6U GAAACACUCC GCCUGGGGAG UACV6UCGCA AGACCGAAAC UCAAAGGAAU UGACGGGGGC CUGC-ACAAGC GGUGGAGCAU GUGGUUUAAUl 1005At -UAUACUGU CGGUGGCGCA 6CUIAAC6CAUI UAAACAUUCC GCCUGGGGA6 UACSGU6CA AGAUIUAAAAC UCAAAGGAAU UG6ACGGGGGC CCGC-ACAAGC GGUIGGAGCAUI 6UGGPUWAAU 902Pt UUIAACUIGACU CAGUAACGAA GCUAACGCGU GAAGUU6ACC GCCU6SGGAG UACGGCCGCA AGGJUUGAAAC UCAAAGGAAU UGACSG6GAC CCGC-ACAAGC GGUIGGAU6GAU GUGGUUUAAU 952Ec CUUIGAGGCSU 6GMCUUCGA GCUAACGCGU UAA6UCGACC GCCUIGGGGAG UACGGCCGCA A6GUIUAAAAC UCAAAU6AAU UIGAC6GGGGC CCGC-ACAAGC V6UG6AGCAUI GUGGUUUAAU 960Mc GUMA-CU CAGCGCUGCA GCUIAACGCAU UAAGUACUCC GCCUGAGUAG UAUGCUCGCA AGAGUGAAAC UCAAAGGAAU UGACGSGGAC CCGC-ACAAGU GMUGAGCAU GUGGUUUAAU 945An UCGACCCGCG CAGU)GCCGUA GCCAACGCGU UAAGUGUUCC GCCU6GGGAG UACGCACGCA AGUUIGGAAC UCAAAGGAAU UGACGGGGGC CCGC-ACAAGC GGUGGAGUAU GUGGUUUAAU 904Mv C6AGCCCA6G U66UIGCCGAA 6G6AAGCCGU UAA6UUJCGCC 6CCUIGGGGAG UACGGUC6CA A6ACUGAAAC UlUAAAGGAAU UGGCGGGGGA SCACCACAACG GGUSGAGCCU SC6GUUUAAU 897
wi UCGAUIACAAC GCGCAAAACC UIUACCA6CCC UUIGACAUAUGA ACAACAAAACCUl GUCCUIUAACA GGAUIGGUA.---CUGACUIUU CAUACAGGUG CUGCAUIGGCUI GUCGUCA6CU CGUIGUICGUIGA 1121At UCGAAGCAAC GCGCAGAACC UIUACCAGCUC UUlGACAUUCG- 6GGUUUGGGCAG UGGAGACAUU SUICCUIUCAGU UAG6CUGGGCCCC AGAACAGGUG CU6CAUGGCUI GUCGUICA6CU CUGUCLGUGA 1026Pt UCGAUIGCAAC 6CGAAAAACC LAJACCCACCU UIUGACAUGGC- A6GAACUIUAC- CAGAGAUS6GU UUGGUGCUCG AAAGAGAACCIUG CACACASGUSI CU6CAUGGCUI GUCGUCAGCU CGUGUCGUG0A 1074Ec UCGAUGCAAC GCGAAGAACC UIUACCUIGGUC UUIGACAUCCA- CGGAAGUUlUU-- CAGAGAUGAG AAUGUGSCCUU -C6GGAACCrAU GAGACA66U6 CUGCAUGGCUl GUCGUCASCU CGUGUUIGUGA 1080Mc UCGAA6CAAC ACGAAGAACC UIUACCAGGGC UUGACAUICCA- GUGUAAAGCUA- UAGAGAUAUA GUAGA-WGU -----AACAUUJ GAGACAVGUG 6U6CAUG6UIU GUCGUCAGUlU CGUG6CCSGUA 1061An UCGAUGCAAC 6CSAAGAACC UUACCA6GGGU UUGACAUCCC- CCGAAUlCUCU- UG6GAAAC6AG A6A6UGCCUIU --CGGGA6C666 6AGACAGGUG GUGCAUGGCU 6UICGUICAGU C6UGUCGUA 1024Mv UGGAUUCAAC GCCSGGCAUC UICACCAGGAG CGA---CAGC- AUGAUGACGGCC AGGUIUGACGA CCU..-----UCCUGAAGCG CUGAGAGGUG GUGCAUGGCC AUCGUCAGCU CGUACCGCGA 1010
wi GAUGUUUGGU CAAGUCCUIAUI AACGAGCGAA ACCCUCGUUUJ UGUGUUGCUG AGACA***GUGCGU-- GCCGCACUlCA- CGA6GGGACUIG CCAGUGAGAU ACUIG-GAGGAA 66UGGGGAUG ACGUCAAGUIC 1570At GAUGUUGGGU UAAGUCCCGC AACGAGC6CA ACCCUCGCCC UUAGUUJGCCA GCAUUI-----UAGU-- U6GGCACUICU- AA6GSGACUIG CCGGUGAUAA GCCGAGAGGAA GGUGGGGAUG ACGUCAAGUIC 1146Pt GAUGUUlGGGU UAAGUlCCCGC AACG6ACGCA ACCCUIUGCCA UlUAGUlUGCUA -CAUU-----CAGU- UGAGCACUICU,- AAUGGGACUG CCGGUGACAA ACCG-GAGGAA GGUGGGGAUIG ACGUICAAGUIC 1192Ec AAUGUUlGGGU UAAGUCCCGC AACGASCGCA ACCCUUAUCC UUUGUUGCCA GCGGU-----CCGGC- C6GGAACWCA- AAGGAGACUG CCAGUGAUIAA ACUG-GAGGAA GGUGGGGAUG ACGUICAAGUC 1200Mc GUGUGWGGGU UAAGUCCCGC AACGAACGCA ACCCUU6GUCG UIUAGUUACUA ACAUU----AAGU-- UGA6AACUCU- AAC6AGACUG CUAGUG-UAA GCUA-GAGGAA GGUG6GGGAUG ACGUCAAAUIC 1179An GAUGUIUGGGU UAAGUCCCGC AACGAGCGCA ACCCAC6UUU UUAGUlUGCCA U)CAUU-----CAGU- UGGGCACUCU- AGAGAAACUIG CCSGUACAA ACCG-GAGGAA GGUGUGGACG AC6UCAASUIC 1143Mv GGCGUCCUGU UAAGIUCAG6U AACGAGCGAG ACCC6UGCCC UAUGUU)GCGA CUACUIUUCUICCGGAAG GUAAGCACUCA UA66G6ACC6 CUAGCGCUlAA GCUA-GAGGAA G6A6CG66CA ACGAUIAGGUC 1137
wi CGCAUGGCCC UIUAUGGGCUG GGCCACACAC GUGCUlACAAU GGCAAUGACA AUGG6AA6CA AGGCUGUAAG GCGGAGCGAA UCCGGAAAG- AUUlGCCU)CAG UUC6GAUUGU UCUICUGCAAC 1689At CUCAUIGGCCC UlUACGGGCUG GGCUACACAC GUG6CUACAAU GGUGGUGACA GUGGGCAGCG AGACA6CGAUI 6UCGAGCUlAA UCUCCAAAA- GCCAUICUICA UUCGGAUUGSC ACUICUGSCAAC 1265
Pt CUCAUIGGCCC UlUAUAGGU6GG GGCUACACAC GUCAUACAAU GGCUGGUACA AA6GGUUGCC AACCCGCGAG GGGGAGCUIAA UCCCAUAAAG CCASUC6UAG UlCCGGAU)CC AGUCUGCAAC 1312Ec AUCAUIGGCCC UIUACGACCAG SGCUACACAC GUGCUACAAU GGCGCAUlACA AAGAGAAGCG ACCUCGCGAG AGCAAGCGGA CCUXAUAAAG UGCGUCGUAG UlCCGGAUUG AGUICUGGCAAC 1320
Mc AUCAUIGCCCC UUIAUGUICCUG GGCUACACAC GUGCUACAAU GGCUSGUACA AAGAGUU6CA AUXCUIGUGAA GGGGAGCUAA UCUCAMAAAA CCAGUCUICAG UU)CGGAUUGGA AGU)CUGGCAAC 1299
An AUICAUGCCCC UIUACAUICCUG GGCUACACAC GUACUACAAU GCUCCGGACA 6C6AGACGCG AAGCCGCGAG GUGAAGCAAA UCUCCCAAAC CGGGGCUCAG UUCAGAUUlGC AGGCUGSCAAC 1263Mv CSCAUGCCCC GAAU)CUCCUG GGCUACACGC 6G6CUACAAU GGCUAGGACA AUG6GCUlGCU ACCCUGAAAA GGGACGCGAA UCUICC6AAAC CUAGUCGUAG UUCGGAUCGU 6GGCUG6UAAC 1257
ai UICGGAACAUI 6AAGUIUGAA UCGCUAGUAA UCGCGGAU)CA GC-AUGCCGCG GUGAAUAUGU ACCCGGGCCC U6UACACACC GCCCSUCACA CCCUI6SGAAU U66GUUUCGCC CGAAGCAUCG 1809At UCGAGUGCAU 6AA6UIUGGAA UCGCUAGUAA UCGCAGAUCA GC-AUGCUGCG 6UGAAUACGU UCCCG6GCCU UGGUACACACC GCCCGU)CACA CCAU66GGAGU UG6UUUUACC C6AA66UAG6U 1385Pt UCGACUlGCGU GAAGUC66MA UC6CUAGUAA LICGUG66AUA GA-AUGUCACG GUGAAUACGU UCCCS6GUCU U6UACACACC GCCCGUCACA CCAUIGGGAGC GGGUCUCGCC AGAAGUAGGU 1432
Ec UCrGACUCAU GAA6UICSAA UICSCUAGUAA UCG6U66ALXA GA-AUGCCACG GUSGAAUIACGU UCCC6G6CCU UGUACACACC GCCCGUCACA CCAUGGGAGU 6G6UU6GCAAA AGAAGUAGGU 1440Mc UCGACUUCAUI GAAGCCS6AA UICACUAGUAA UC6CGAAUCA 6CUAUlGUlC6CG GU6GAAUACGU UCUCGGGUCU UGUACACACC GCCCGUCACA CCAUGAGAGU UG66UAAUACC AGAAGUAGGU 1420
An UC6CCUGSCAU 6AAG6C66AA UC6CUAGUAA UCSCAGGUCA GC-AUACUGCG 6UGAAUACGU UICCCGGGCCU UIGUACACACC GCCCGUCACA CCAUIGGAAGU U6GGCCAUGCC CGAAGUCG6UU 1383Mv UC6CCCACGU GAAGCU6GGAA UCCGUAGUAA UCGCAG6UUCA UA-AUACUGCG GUGAAUGU6GU CCCUGCUCCU U6CACACACC GCCCGUCACA CCACCCGAGU UGGGUULCAGG UGAGGCCUIUG 1377

wo GACCAAUGAUC MWNUlUAUlUGGC GCAUACCACG GUGGG66UCUIU CGACUlGGGGU GAAGUCGUAA CAASGUAGCC 6UA6GGGAAC CUGUGGCUGG AUIU6AAUCC 1955
At GCGCUlAACC-G CAA-66A66CA GCUAACCACG GUAG66UICAG CGACUG6G6U GAAGUICGUAA CAAGGUAGCC GUAGGGGAAC CU6GC6CUGG AUCACCUCCU UIJCU 1489
Pt AGCCUAACC-G UAA-66A666C GCUUACCACG 6C6666UlUC6 UGACIUG6G6U GAAGUICGUAA CAAGGUAGCC GUAUCGGAAG GU6CGGCUGG AUICACCUICCU UUCU 1536
Ec AGCUUAACC-U UCG-GGAGG6C BC.JACAC UGUAUUCA UGACIUG6 GU AAGUCGUAA CAAGGUAACC GUAGGGGAAC CUGC66UUGG AUCACCUCCU UA 1542
Mc AGCUIUAACC-A UlUU-66AGArC 6CUUICCCAA6 GUAGGACUAG C6AUlUlG6G6U GAAGUICGUAA CAA6GUAUCC GUAC666AAC GUGCGGAUGG AUICACCUCCU UlUCU 1524
An ACCCUAACCGU UCGCGGA6666 G6CGCCGAAG 6UA6G6CU6A UGACUIGGGU6AAGUC6UAA CAASGUAGCC GUACCGGAAG GUGU66GCUGG AUCACCUCCU lAJ 1487
Mv 6CC----- UIUU ----GGCU AG66UC6AAC CUG6GCU)CAG CGA6GGG6GU GAAGUICGUAA CAAGGUAGCC GUAGGGGAAC CUGCGGCU6G AUICACCUCC 1466

FIG. 1. 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 lO-nucleotide
spacings reflect the E. coli sequence as well (11).
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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); 280E-505 (520);
360*-679 (M13); 535--679 (520); 674--940 (M13); 674+-895
(920); 810-1085 (795); 935*-1090 (1100); 1085-1360 (1050);
1080+-1370 (1400); 1250-1450 (1240); 1300*-1520 (1540);
1415->3' (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); 275--510 (260);
350<-510 (520); 350<-679 (M13); 370-*490 (340); 535-+679
(520); 674--880 (M13); 680+-900 (920); 840-*1095 (800);
890<-1090 (1100); 1085-1320 (1050); 1090*-1350 (1390);
1170<-1359 (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, P3, 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 33 (7) 52 (14) 58 (33) 48 52
Mc 33 (21) 47 (14) 47 (22) 44 (9) 50
An 29 (17) 44 (14) 44 (18) 44 (21) 44 (22)
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.

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

Evolution: Yang et al.
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Agrobacterium tumefaciens
wheat mito.

Escherichia coli

Mycoplasma capricolum

Anacystis nidulans

0.1 * Agrobacterium tumefaciens
wheat mito.

Pseudomonas testosteroni
Escherichia coil

Mycoplosma capricolum
Bacillus subtills

s' Anacystis nidulans

Methanococcus vannieli

FIG. 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. colt)
appears to be an artifact ofthe 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 ofthe 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. (ii) The in-
creased understanding of eubacterial 16S rRNA primary and
secondary structure (22) has led to improved sequence

alignments. (iiM) 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 c 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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