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Abstract. The branching topology of the archaeal 
(archaebacterial) domain was inferred from sequence 
comparisons of the largest subunit (B) of DNA-depen- 
dent RNA polymerases (RNAP). Both the nucleic acid 
sequences of the genes coding for RNAP subunit B and 
the amino acid sequences of the derived gene products 
were used for phylogenetic reconstructions. Individual 
analysis of the three nucleotide positions of codons re- 
vealed significant inequalities with respect to guanosine 
and cytosine (GC) content and evolutionary rates. On- 
ly the nucleotides at the second codon positions were 
found to be unbiased by varied GC contents and suffi- 
ciently conserved for reliable phylogenetic reconstruc- 
tions. A decision matrix was used for the combination 
of the results of distance matrix, maximum parsimony, 
and maximum likelihood methods. For this purpose the 
original results (sums of squares, steps, and logarithms 
of likelihoods) were transformed into comparable ef- 
fective values and analyzed with methods known from 
the theory of statistical decisions. Phylogenetic invari- 
ants and statistical analysis with resampling techniques 
(bootstrap and jackknife)  conf i rmed the preferred 
branching topology, which is significantly different 
from the topology known from phylogenetic trees based 
on 16S rRNA sequences. The preferred topology re- 
constructed by this analysis shows a common stem for 
the M e t h a n o c o c c a l e s  and M e t h a n o b a c t e r i a l e s  and a 
separation of the thermophilic sulfur archaea from the 
methanogens and halophiles. The latter coincides with 
a unique phylogenetic location of a characteristic split- 

ting event replacing the largest RNAP subunit of ther- 
mophilic sulfur archaea by two fragments in methan- 
ogens and halophiles. This topology is in good agree- 
ment with physiological  and structural differences 
between the various archaea and demonstrates RNAP to 
be a suitable phylogenetic marker molecule. 
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Introduction 

The phylogeny of the Archaea (archaeobacteria, Woese 
et al. 1990) was first determined by comparison of 16S 
rRNA oligonucleotide catalogs (Woese and Fox 1977). 
During the last decade the branching order of the ar- 
chaeal domain was investigated by the application of 
various further phylogenetic reconstruction methods on 
a growing set of 16S rRNA and rDNA sequences (Tu 
et al. 1982; Woese 1987; Woese et al. 1991; Lake 1991; 
Burggraf et al. 1991). Reconstructing phylogenetic trees 
from nucleic acid sequence data always runs the risk of 
branching-order artifacts which occur when the overall 
compositions (i.e., the GC 1 content and the purine/ 
pyrimidine ratio) of the sequences analyzed differ wide- 
ly from one another (Woese et al. 1991). Using amino 

Correspondence to: H.-P. Klenk r Guanosine and cytosine 
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acid sequences or only the second codon positions of the 
genes coding for proteins could provide a chance to 
avoid the risk of branching-order artifacts caused by 
compositional differences among nucleic acids. The fo- 
cus of our study was a detailed investigation of the 
branching topology of the archaeal domain. Our phy- 
logenetic reconstructions are based on the rpoB gene, 
coding for the largest component of DNA-dependent 
RNA polymerase (RNAP) of the thermophilic sulfur ar- 
chaea, and the homologous rpoB1 and rpoB2 genes, 
coding for the two RNAP components B'and B" of the 
methanogens and extreme halophiles, and their derived 
gene products. First hints on the phylogeny of the Ar- 
chaea using RNAP as marker molecule were obtained 
by methods not allowing quantitative treatment of the 
data (Schnabel et al. 1983; Gropp et al. 1986). Later, 
quantitative reconstructions suffered from using re- 
stricted data sets (Zillig et al. 1989; Ptihler et al. 1989a; 
Sidow and Wilson 1990; Iwabe et al. 1991) that con- 
sidered only the RNAP component sequences from 
Methanobacterium thermoautotrophicum (Bergh6fer et 
al. 1988), Halobacterium halobium (Leffers et al. 1989), 
and Sulfolobus acidocaldarius (Piihler et al. 1989b) 
known at that time. The recently determined DNA se- 
quences encoding the largest RNAP subunits from Ther- 
mococcus celer (Klenk et al. 1992a), Thermoplasma 
acidophilum (Klenk et al. 1992b), and Methanococcus 
vannielii (P. Palm, personal communication) are the 
basis for the reconstruction of the phylogenetic tree 
presented in this paper, comprising most of the orders 
of the archaeal domain. 

Different phylogenetic reconstruction methods might 
be affected in different ways by potential branching-or- 
der artifacts which might occur (1) when sequences 
have evolved with highly different evolutionary rates, 
(2) when some sequences are only distantly related to 
others, (3) when the nucleotide compositions of the se- 
quences analyzed differ widely from one another, and 
(4) when various positions in the compared sequences 
evolve with vastly different rates (Woese et al. 1991). 
In the present report we propose an analysis procedure 
which combines the main phylogenetic reconstruction 
methods (distance matrix, maximum parsimony, and 
maximum likelihood methods) and alleviates the po- 
tential branching-order artifacts of any single recon- 
struction method. The decision matrix used here allows 
both the determination of the most-favored branching 
topology by a combination of phylogenetic reconstruc- 
tion methods and an estimation of the advantage of the 
preferred topology over alternative branching topolo- 
gies. 

Materials and Methods 

Multiple Sequence Alignments. Amino acid sequences were first 
aligned with CLUSTAL (Higgins and Sharp 1989), and after visual 

inspection they were manually adjusted for obvious similarities and 
economical gapping. The DNA sequence alignment was adjusted to 
the amino acid alignment. 

Phylogenetic Reconstructions from Amino Acid Sequences. Dis- 
tance matrices were calculated from the sequence alignment by ap- 
plying the unitary matrix, 2 Dayhof f ' s  log-odds matrix (termed 
PAM250, Dayhoff 1978), Feng's  structure-genetic matrix (Feng et al. 
1985), a genetic code matrix in the version of Feng et al. (1985), and 
a problem-specific similarity matrix derived from ratios between de- 
tected and expected amino acid correspondences in aligned sequences 
of archaeal RNAP components (data not shown). Only Dayhoff 's  
log-odds matrix was applied for calculations from a multiple se- 
quence alignment done with CLUSTAL (Higgins and Sharp 1989) and 
from pairs of sequences aligned with PIRALIGN (George et al. 1986). 
Evolutionary distances were calculated from the effective similarity 
scores according to Feng et al. (1985). Following a proposal of Feng 
et al. (1985) the results calculated from the genetic code matrix were 
used directly as phylogenetic distances. Distance trees were recon- 
structed according to the method of Fitch and Margoliash (1967) 
with the programs FITCH (using the power option p = 1 for the de- 
nominator) and KITSCH (Felsenstein 1991), the latter assuming an 
evolutionary clock. The neighbor-joining technique (Saitou and Nei 
1987) was carried out with the program NEIGHBOR (Felsenstein 
1991). Reconstructions according to the maximum parsimony method 
were done with the program PROTPARS (Felsenstein 1991) under de- 
fault conditions. The maximum likelihood method was applied with 
the PROTML program (Adachi and Hasegawa 1992). 

Phylogenetic Reconstructions from Nucleic Acid Sequences. Ma- 
trices of pairwise distances between aligned DNA sequences were 
generated by DNADIST (Felsenstein 1991) using the one-parameter 
model of Jukes and Cantor (1969). 3 Distance trees were reconstruct- 
ed from the distance matrices with the programs FITCH, KITSCH, and 
NEIGHBOR (Felsenstein 1991). Most parsimonious trees were re- 
c o n s t r u c t e d  wi th  the  p r o g r a m s  D N A P A R S ,  D N A P E N N Y ,  4 
DNACOMP 5 (Felsenstein 1991) and PAUP (Swofford 1989). The lat- 
ter was used for unequal weighting of the positions within the align- 
ment (weighted characters). The log-likelihoods of phylogenetic trees 
were determined without the assumption of an evolutionary clock with 
the program DNAML (Felsenstein 1991) and under the constraint of 
an evolutionary clock with the program DNAMLK (Felsenstein 1991). 
Lake's  method of phylogenetic invariants (Lake 1987) was applied 
with the appropriate option in PAUP (Swofford 1989). 

Statistical Tests with Resampling Methods. Confidence intervals 
for branching topologies were estimated with the bootstrap and jack- 
knife resampling techniques (Efron 1982) by applying the programs 
SEQBOOT and CONSENSE in addition to DNADIST/FITCH,  
NEIGHBOR, DNAPARS, DNAML, and PROTPARS as described by 
Felsenstein (1991). 

Transformation of Method-Specific Scores into Effective Values. 
Each of the three main phylogenetic reconstruction methods (distance 
matrix, maximum parsimony, and maximum likelihood method) mea- 
sures the quality of a phylogenetic tree with a method-specific score 
(sums of squares, steps, or logarithms of likelihoods) when applied 

2 Scores only identical amino acids with 1 and all different amino 
acids with 0 
3 Transitions and transversions were weighted equal since all muta- 
tions at the second codon position effect an exchange of the encod- 
ed amino acid 
4 Branch and bound algorithm as search strategy 
5 Applying the compatibility method (Le Quesne 1969) 
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1 I00 
Sac MLDT E SRWA IAES FF KT RGLVRQHL E~FNDFL .... RNKLQQVIYEQGE IVTEV ..... PGLKIK .......... L~KIR ..... 

T~e MAS RG PT WDVT P DDLW LVMEAYWK E KGLVRQHLE&~fNAF I ..... DHG~QEVIDEFGGVKPDI ...... PDEEVK ............. FGKVR ..... 
Tac MKE IVDAYF KKYGIVNHQLI~SFYAT P DN PNSVMQQIVDET KVSDDA D ..... PGYFVLD PAKTGGHDIR IYY~RVRENGHY 

A'wa MESRVI VDA FFRENSLVKHH I DSYDDFV ...... ENKIQGI IDEVTGVETEIK ..... GGYKVS ............. FGKVR ..... 

A~h MKKSAWGLVDAFF DKYDLVDHHI H S~fND FV ...... SNRIQEI IDTSEPIELEQ ...... GQYTVE ............. TGKVT ..... 
F~a MLQEDKRELSESYFS KE BLAEHHF RSYNAFL ...... EHGMQDVVT EKER IETD IGDK~DEE PVWVE ............. LGDVR .... 

i01 # _ _  200 
Sac ....... YE ~SI RETDK~MRE I~ PMEARLR~LT YSS p IFLSM I PV- ENN I EGE .... P I E IY IGDL pIMLKSVADPT SNL P I DKIIE .......... 

~e ....... LGEPEFQKAQ - ~RKPLY ~MDAR I~NLTYSAP ~YL EL I PV-VNGVSQE - - - AVEVR I(~L pIMLKSKACRLYGLSDEEL~K ........... 

Tac VGEQT I F IG~EI KEAS - ~%SNQ IT PNE ARL~LNYLAPVTL KLRIV- EDGI EKG .... SE I I KVGDL ~4~VRS K ICT L SEENLDQY~EKNNGP IGL SRR 
Nwa ....... VT~INK~D-GSVKEIT ~ME AR I~qLAYSAPLYL ~41 PL - IGEGDEEKT LS PI EVY IGEL ~LGAK ICHL SGKS EE DM~N ........... 

~h ....... IE~F I K~AD- ~SKSK I Y ~E A~LHNLT YSAHMSLEMRLL KEGGS ET E .... FEKVH I (~L ~VMLKSE I CHLHGLGRDELIE ........... 

~a ....... AVT~RVR~AD - ~EELLY ~QEARL~IT YSAPVFMEMSIVRGGE E EE ERVLDTT ET KV~M ~IMVGSDKCN I SGFS DE ELSE ........... 

201 300_ 
~ac ..... I GRDPKD PGG~FIVNGGE KM I I AQ~DLA~ ~RVLVDYG KS G SN I T HVAKVTSSAAGYRVQVM I ~ - - - RLk'DST IQI SFATVPGR I P FAI IMRALG 
T~e ..... L ~EDPKDPC-~YFIVNGSERVIVS IEDLAP~<TLVERDERQNR I - - IAKCF~fRH~YRAL ITVE .... RRKDGI LYVKL PNVPRPVKFVYVMRALG 

Tac EKLQYV~DPGG~FI IGG~RVIVSLEDLAPNK IMVEWEDRYES KVEVSKVFS2RC~FRALTSM*a .... KGT D~T INVSI P SVAGTVPLVILMKA~ 

~Va ..... Y (~KDPKDPLGYFI VNGS~KAWAQE DL I P~ I L C E KVEKNNK I VD I AKVF&T RHGFRALCTVE .... RS PDGLLNVSF P~ PST I PLVILMRALG 
~Fth ..... KG~DR~DLGGYFIVNAS~RS IVTMEEIAP~I ILER I GEEDE KRARAIVTSIRSGFRARISLEYRKPRKTGVFL R I SF PYVPGEL PLVILL RALG 

Hha ..... I G~DPA~PGGYFI INGSERVLMT SEDLAP~K<ILAEYDSKYGDE IQVAKT F~RRGYRALVLVE- - - RNREGLL EVSF PSVSGS I SFVTLVRALG 

3Ol ~ ~oo_ 
~ac FVT ERDIVYAVSLDPQI QNELL PSLEQ ............ ASSITSAE ....... E ALDFI GNRVA I GQKRENRIQKAEQVI DKYFLPHL - - -GTS PED- R 
Tee LL S~RE IVEAVSDDPRIQHVLF DNLE D ............ ASDVTTQ E ....... E ALDYIGKLSL p GQPKEYRLRRAQN I I DNNLLPHM- - - ~VEEKD- R 

Tac LE RDVDVHDA IASVPEMEP I IYSNI EDSKNP KVL P .... pNGVNTT E- ...... D AI SYL EKRFAAGQAKEFRDKKI SQML DHSLLPHL - - -GDS PS D- R 

MVa AES ERE IMEL I SDEPTVVMQLVANLQ EARE ......... EHGINTT E- ...... D ALEHIGKRVA P ~QPKEYKLKRAET ILCNYLLPHM- - -GIESEK-L 
~th LAT DQE I ITS I SDDFNYQM IAADDIQVSLDKLKLDSDKMEE~4DEE ~REYLIRS AIK¥ IGNRVAK~T EDYRI KRAEDVI DRYLLPHI - - -~TE PDK- R 

Hha LES E~E IVHRVSE DP EIVKFMLENLE ............ EADVQTQ E ....... E AI EDLGQRVAS GQGKNYQL KRANYVI DRYLLPRLHED~4"EEEET R 

401 t 500  
~ac KKK~SAVNK ~L ELYLGRRE pD DKD~YANKRVRLAGDLFT SLFRVAFKAFVK E~VYQL EKSKVRGRRLS ........ LTALVRADI ITERIR~%LAT 

Tee KAKAYYLGMMALR~L EL SLGL RSE D DKDEfA ~KRLKLAGDLLMDLFRVA FGQLVK EMQ YOMT KTYQRKGE RYT F E N I QR FVRNS I R/DVL SE R I EI~L A T 
Tac I RKAIYLGRMARSLL ELSLGI RKED~d~LA~RIKLAGDI~MDELFRSAFQSVMK E~K ~L EKTYNRKRG I K ........ I RPAVRC~LLTQRVLR~MS T 

~a GAKCk'YLG RNL% KN S I ELYL ~S RVE D DKDHYANKRL KLAGDI~E DLFRHS FNQL I K DI K YQL E RQA I RNKE P S ........ IQA A ~ T  ERMRR~/4A T 

Nth LEKAVYLAEMT EMLLQVI SGE~KPH DK~fT ~RLRVS~DLMEDLFRVAFT SLTR IMS YRLERSLARGKE PS ........ VKQAVRSDVL S ENL F4~ IA T 
Hha I NKAYYLC R~Lh EACF ELAL GRREA D DKDHYA ~SKRL KVS~DI~4KDLFRTALN KLAR DVK ~L ERA NM RNR ELT ........ VNTWRS~VLTERLE~IA T 

501 600 
Sac ~WV~GRT ~V~Q~T NWL SML GP~LRRWS~ARGQpNFRARDLH6K~I~GRMCP FETPRG P ~SGL%q~LAL ~QV~G I N E ~-V E R V A Y E ~ D  

Tee GSW PGGRT~VSQ~ Ny I ST L SHLRRVT S PL SRE QpHFEAP/)LHGEHWGR I CP TETPEG P HCGL%~LALMS Q I T TGVP E EF, -VR EYLE RLGVVP I E E 

Tac GNWIGGRTGVSQLL~VSNL ST I SHLRR I ISPLTRT QPHFEARDLH PTQWGRICP ~ T P E G Q R S ~ L ~ L I ~  I D P DS - ~ E I L K G ~ E  
NVa GNWVGGRT~VSQ~T SYLATVSQLRRWS PL S RS QPHFEARDLH~QWGK I CP SETPEG P ~CGLVKNLAVMC KVT T D EE D EG - I I QL I KE IGLS K D I * 

Kth GNW%E~RAGVSQLLDRT S YMGT L S~94RRW9 PL SRS Qp HFEARDLH ~TQFGK I CP h~T PES P NZGLVK~LALMA K I S EG S D P DE - I E EV I KKM~I ~ - - 

Wha ~WV~GRSGVSQLVDRT D FMGVL SHLRR L R S PL SRSQPHFEARDL~GR I CP S~PEG P HCGLVK~FAQ~ ~ S QD~D ER DL KQELS SMG~GI PG 

601 # 700  
Sac VI RRI - - SEQNEDVEKYMSWS~RLLGYYE DGKELAKKI R~S RRQG<L SDEVNVAYIAT DYLNEVHI NCD~RVRRPLI IVNNG~f PLVDT EDI KKL 

Tce RRPN ............. p DLWRL~VGTVE DGEGFVNRI R~DRRSGKI SD I I NIrALYQDEDVKE I YVNSD[~RVRRPLI IVENGRP KLTREHVEA I 

Tac ES ............... P KKGR~YLNGDFIGYHDDPRYLVS RI REE RRS6~M SDEVNVRYD- - DNT NEVIVNSDR~RLRRPLLILKDGKTVLDRTMI ERL 
k~ma ............. MDT LE KQA~KLI DT SKDP ENLVKSLRIQRRSGKL SPNT S IS EN- - EESND I HI STDG~RAVRPLVVVENGFS KLTNELLEKV 

NEh ................. MNKTK IYI~KL IGTCDNPEE FVEE I PAKRRSGEVS~H~4N IT HY- - PENHE IYI FTDR~RARRPLI IVEDGEPLL KE EHL EKL 

Hha I SMETT STT SADD*MST EREA~SLVGT HEN P EELAEQ I[Y.AR~RGEV SEMVNVSVR- - DRT GEVIVNADA~ARRPLLVVENGEPVVTQ EEVEAV 

701 # 8*0 

Sac KNGE IT F DDI~KQ~KI EF ID~RR~ NAYVALNPQD ........................................... LT p DH THLBIW P~AILGI IASI 
Tce KNG SLTWS DI)/KMG'V~EYI~ NALVATWPWE ........................................... VTEEHTHL~PAAILGIPASL 

Tac KHGE I SF EDI~KQGA IEWLD~m~m~ U~ YVAVYAYD I PEKCPNCNSYLYRSMVDWVN PGES EITLECGFCHQRFNVPSKLSKENTHL~D ~ ILG~I 

Nva NNN E LT F E Y~T G"41 EFLD~RRRR NA R IAMYN DE .......................................... ITEENT~D PLVILQIGAGV 
Nth S SGEMEWDDLY SQGI IBYLD~RRRR NTYIAMS P EE ........................................... VTEEHTHLRT D PSTMLGICAGI 

Hha KNGD IDF EDI~EAGKVEF ID~ RR~m~ DILVGVEE EE ......................................... LTT DH T~LR7 D PQL IF GIGAG~ 

801 900  
~ac IPY P E ~K~QS PRNTYQSAMAKQ ~SG LYA SNYQ I RTDTRAH~ LHYPQMPLVQT RML GV I GYN DRPAGANA I LAIMSYT GM~MEDS I IM~KSS IERCZ{YRS T F 

Tce VPY P E E~AR PR NTYGAGMAKQ S~G LGWA~F R I RVDTRG~5~TIPQVPLVNS RIM KAVGF E ERPA(~AVL S./AGMNME DA I I ~  I ~ G ~  T F 
Tam IPY P EIn~S S pR I TI ASA]~AKQ ~ FAQSNTR I RPDTR~ LRYPQVP LVRT RVMDY I HY D RRPAGCNFVVAVLSYEG~aIIQDALV II~AA IERGLGRS T F 

NVa APYP EHNSA pR ITMAAAMGKQ SLG I PMANI KWRMDTRG~L LHYPQVPLVRT KHQE I LGFDKRPAG~NFVVAVMSYEG~mMEDAFVI~KASL~GLG~ T F 

~th IPFAN~S S PRN~EAGMTKQ AI~ L YA SBYNL RT DTRAHL L~VP IVKT R I I DVTGY D ERPSGCNFVVAVMGYEGM~MEDAL I ~ S  ~ ~ S F 
Hha IPY P EHNAS PR I~MGAGMMKQ ~ L PAANYR I R PDTRCHL LKYPQ KAMVNT QT T EQ I GY D DRPA~CNFVVAVMSYE GFNI E DALVM~GSVERAL SRS H F 

9 0 1  _1000 
S a c  FRLYST EEVKYP(~QEDK I V T  PEAGVK GYKGKDYYRL LEDNGWS PEJE VKGGDVLIGKV8pPRFLQEF~LS P - - EQAK ~ ~ ~ G ~ L ~ I  
Tce FRTYEAEBKRYLGGQTDRFE I PDPT IQ QYLGERYYRHLDEDGI I F P~KVNGKDVLVGRTSPPRFLEEQSGLGGI ILQER I~T S ~ T V R P S ~ I  I 
Tac FRTYSAE ERRYP(~GQ~DKFE I PTHDI I GARAEEYTKNLDDS GI I F PEAYVEG SDg-LI~KTSPPRFL EEGEEKLG - - PQRR~S gVTMRPNESGYVDNVFL 

Mva FRSYES FBKRYPGGQLDKFEVPEKGVR ~YRAE EA~ShNLGDDGL I DLESEVRSGDVILGKTSPPRFL EEQE I TLQT - KSQR R3T SVT I RHG~LVIL 

NEh FRSYEAT ERRYPGGQ~DRF E I PEKGVR GYR SERDYRHLDE DG I I NPE~ EVSSGDVLIGKTSpPRFL EEl DE FGTV-AERR ~T SVTIFRHGREGI~A~L 
Hha FRTYEGEERRYPGQQEDRFE I PGDDVR GARGE DA~THLDDDGLVNP~KVDDSSVLLGKTSpPRFL EEPEDMGGLS PQKR ~T S V T M R S G R ~ L  

I091 t ii00 
Sac T ETL EGNKLVKVRVRDLRIPE I -GDKFATRH~QK~VVGIL I DQVDMPYTAKG IVPDI ILNPHALPSRMT IGQIME~I GGKYAAL SGK PVI~TP~ET P ~ 

Tce T ETGDGTKLVKVTT RDLRIPE F-G~RKFA ~RH~KGV IGL IVPQ~MPATESGIVPDL IVNPH GI PSRR[fV~QL I ~I G~VASLKGRRVI~TAPIGEP -E 

Tac TVSE SNSRVVK I KVRSERIPE L-GE~FA SRHGQKGVV~LVVpQ~DMPFTEDG I I PDL I F~PH S I PSRMTVGHI L ~MI C-GK IAS RTGRF I~TIFSGEP - E 
Mva SET KEGNRL6~VRVRDLRVPE F-~FA ~QQKGV IGLVVPQ~DL PFTEDGVIPDL I I~PHAI PSRMT I~QVL ~4IGGKVGSL EC RR~TIF~EG - E 

MEh T ETVEGSRLAKIRVREQR~E FI GE~FA ~RHGQKGWGL IVSQEDMPFTEDGVVPDLIVNPHAI PSRMSV(K2VL~MLA~KAACMEGRRV~ZTP~GEE -E 

Bha MEGE DGS KLAKVSVRDERIPR L - G~K~A SRHG~K~WGHLA P Q~DM PFTQE~"V-~PDL~H AL PSRMTV~HVL ~ML C-GKAGS L DGR SVI~T PP~ G EG - E 

ii01 # # 1200 
Sac QEMQKE ILKI~HL PDSTEVVYD~RTGQKL KS RI LFG IVYyQKI~H~VADKMHARAR~P ~ I L T R Q P T E G ~ G ~ L  IGF GTAML I KDRLL 

Tce EKLRKELEEI~FKHSGREVMYEGITGRRL EADVFVG~/I YyQRLHHMVADKMHARSRGP ~ V L T K ~ P T E G R A R ~ ~  IGH~AMLL I ERLL 

Tac K S L R DALVK Y(~ F RKS ST EVMYDG I T GR R F KADI FVGVI YYQKL~AG KF HARSRGpVQ ILT RQPT~ S R ~ I ~ L  IAH GAAMVI K DRLL 

MVa WALRHALENYGFTHSGKETMYD~KTGRKLECEIFVGVAYYQKI*H~LVAGKIHA~R~PIQVLTRQPT~RAI~Z~LRFQ~VAH~LLKE~L 
Kth KDLKEALKAN~FESAGVETLYN~I TGER I EAE I F IGVAyYQKLH~4TT D R I Y A R S R G P % ~ V L T R Q ~ ~ L  IAH~ALALKERLL 

Bha DE I RGT LEDR~F KSSGKEVMySGVSGE KI EAE I FVGT I FYHKL~MVSNKLHARSK~P~VLTRQPTEGRARE~LRV~VIGHQA/~KE~ 

1201 IR86 
~ac DNSYKAVVYICDQ- CGYVGWYDR~KNRYVCPVHGDKSV ...... LHPVTVSYAI~KLLIQRLMSMVISPRL]LGEKVNLGGASNE * 
TCe EESDKTE~- -CGH IALE DKRRGKVYCPVCGEEER ...... I SKVEMS yAFKLLL DELKAMGI RPS L~VDRV* 

Tac DQSDGTVLYVCGN FSCGH IA I YDRR KG~LRCPVCGNTGN ...... I yP I ET S yAFKLMRDELI SLGVVMRLMhGDMK * 
Mva DESDPHEDYVCAK--CGEIAIFDYKRGMKFCPVCGESEDIQDNRKIPpVKIAYAF~LLLDELKSMGIDPKLELKDRA* 
Nth DESDKYEALVCAE - -CGM IA IYDKI RDKKYCPI CEDS ES ....... F pVE IS yAFKLLL D~LKSLCI FPKLVLEDKA * 

W~a DSSDREE IH~N - -CGMTAVENYEQRRVYCPNCEEET D ...... VHS I EMS YAI~KLLLDEMKALGIAPR LESE EAV * 
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under optimality criteria. A comparison of these method-specific 
scores for phylogenetic branching topologies obtained by different 
methods requires the transformation of the method-specific scores in- 
to a common scale. When comparing a set of phylogenetic branch- 
ing topologies in a decision matrix (see Results) there exists for each 
of the different methods at least one branching topology which shows 
the best score (least sum of squares or minimum number of steps or 
highest logarithm of likelihood), termed "optimal topology," and an- 
other branching topology which shows the worst score (highest sum 
of squares or highest number of steps or lowest logarithm of likeli- 
hood), termed "worst topology." The branching topologies repre- 
senting the best or the worst score may differ from one reconstruc- 
tion method to another reconstruction method. The method-specific 
scores can be transformed into the effective values (evij) of a common 
scale by means of: 

evij = 100 X [(scoreij - score@/(scoreoj - scor%j)] 

in which score, is the score of branching topology/calculated with the q 

phylogenetic reconstruction method. Scor%j is the score for the op- 
timal topology and s c o r e  j is  the score for the worst topology found 
with reconstruction method. Effective values (evq) of different branch- 
ing topologies obtained by different phylogenetic reconstruction meth- 
ods can be compared with each other and are thus suitable as elements 
of decision matrices. 

Results 

Amino Acid Sequence Alignment 

Figure  1 shows the sequences of  RNAP subunit  B from 
S. acidocaldarius (Ptihler et al. 1989b), T. celer (Klenk 
et al. 1992a), and T. acidophilum (Klenk et al. 1992b) 
al igned with the homologous  sequences of  RNAP sub- 
u n i t s  B '  and  B "  f r o m  M. t h e r m o a u t o t r o p h i c u m  
(BerghSfer  et al. 1988), H. hatobium (Leffers  et al. 
1989), and M. vannielii (P. Palm, unpublished),  The 
bar above the S. acidocaldarius sequence marks the 
1,092 posi t ions  used in the phylogenet ic  reconstruc- 
tions, compris ing 96.2% of  the total sequences.  Unique 
inserts in a single sequence or posi t ions without  obvi-  
ous similari t ies between the different  sequences were 
excluded from the phylogenet ic  reconstructions.  The 
amino acid sequence of  subunit B of  RNAP II from Sac- 
charomyces cerevisiae (Sweetser  et al. 1987, not shown 
in Fig. 1) was a l igned with the archaeal  sequences and 
served as an outgroup for the phytogenet ic  reconstruc- 
tions. 

Phylogenetic Inequality of  the Three Codon Positions 

D N A  sequences were al igned in accordance with the 
amino acid a l ignment  shown in Fig. 1. Most  parsimo- 

nious trees were reconstructed from this data set, con- 
sidering the 1,092 first or second or third nucleotides in 

the codons only ( labeled in Fig. 1 with a bar). Signifi-  
cantly,  the most  pars imonious  phylogenet ic  tree recon- 
structed from the second nucleot ides  of  the codons re- 
quires a lower  number  of  steps for the descr ipt ion than 
those reconstructed from the first or third posit ions (Fig. 
2). Moreover ,  the branching topologies  of  these three 
trees were different  from each other. 

Figure 3 shows a compar ison of  the GC contents of  
the three data sets using the nucleotides occupying each 
of  the three codon posit ions only. The GC content at the 
second codon posi t ions  shows litt le variat ion with a 
mean value of  37.8 _+ 0.7% whereas posi t ions 1 and 3 
are more divergent.  The second codon posi t ions also 
show a less var iable  purine content (52.1 _+ 1.2%) than 
the first (66.2 _+ 2.2%) and third codon posi t ions (51.2 
_+ 4.4%). 

The lower evolut ionary rate (Fig. 2) and the lower 
var iabi l i ty  of  the nucleot ide composi t ion  at the second 
codon posit ions (Fig. 3) suggest the exclusive use of  the 
latter for phylogenet ic  reconstructions.  The nearly con- 
stant nucleot ide composi t ion  of  this fraction minimizes  
possible  branching-order  artifacts arising when the nu- 
cleotide composi t ion  of  the sequences compared  differ  
widely from one another (Woese et al. 1991). Moreover,  
the phylogenet ic  conservat ion of  the nucleot ides found 
at the second codon  pos i t ions  reduces  the potent ia l  
branching-order  artifacts which might  arise when se- 
quences are only distantly related (Zuckerkandl  1987). 
Thus, we used only the nucleot ides found at the second 
codon posi t ions for the phylogenet ic  reconstruct ions 
from D N A  sequences descr ibed below. 

Possible Branching Topologies of  the Archaea 

For the comparison of  possible branching orders in a de- 
cision matr ix it is necessary to determine the relevant  
branching topologies. The relevant branching topologies 
(Fig. 4) comprise  three classes of  topologies,  two oblig- 
atory classes,  and one opt ional  class: (1) Al l  topologies  
which show the best  result  with one of  the appl ied  re- 
construction methods (obligatory); (2) topologies which 
show the most unfavorable (worst) results with the same 
methods (obligatory);  (3) topologies which are found to 
be the opt imal  solutions in phylogenet ic  analyses based 
on other marker  molecules  (optional) .  Topology  A is 
character ized by a common stem for the two methan- 

Fig. 1. Aligned amino acids sequences of archaeal RNAP subunits 
B, B', and B". Abbreviations are: Sac (S. acidocaldarius), Tee (T. ce- 
ter), Tae (Z acidophilum), Mva (M. vannielii), Mth (M. thermoau- 
totrophicum), and Hha (H. halobium). Amino acids occupying the 303 
invariant positions were printed in boldface. Informative positions for 

the common stem of M. thermoautotrophicum and M. vannielii were 
marked by # and informative positions for the separation of ther- 
mophilic sulfur archaea from methanogens and halophiles were 
marked by t. Hyphens represent gaps and * indicate termiation 
codons. 
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Fig. 3. Codon position inequality with respect to GC content. The 
a b b r e v i a t i o n s  are the same as in Fig. 1. Se2 stands for the second- 
largest subunit of RNAP II from S. ce rev i s iae .  The percentages be- 
low the abbreviations give the GC content of the genes encoding the 
RNAP subunits B (B'/B"). The species are ordered according to their 
GC content. 

ogen lineages (M. vannielii and M. thermoautotroph- 
icum) and by a separation between the thermophilic 
sulfur archaea (S. acidocaldarius, T. celer, and T. aci- 
dophilum) on the one hand and the two methanogens 
and H. halobium on the other hand. Topologies B, C, 
and G differ from topology A only in the location of the 
T. acidopilum lineage, showing an uncertainty in the 
placement of this lineage. Topologies E and H do not 
show a common stem for the two methanogen lineages. 
In the following the 10 topologies A to Z will be com- 
pared by a decision matrix (Table 1). 

Decision Matrix 

The purpose of a decision matrix is the identification of 
the best solution (branching topology) for a problem 
considered in various ways (phylogenetic reconstruction 
methods) by application of objective decision criteria. 
The quality of the 10 topologies shown in Fig. 4 is 
compared, considering the results of 10 variations of six 
phylogenetic reconstruction methods (Table 1). The 
numbers in the table are the effective values (or aver- 
ages of effective values) determined for the 10 branch- 
ing topologies (A to Z) specified in the top line, calcu- 
lated from the results of the reconstruction methods 

Fig. 2. Phylogenetic inequality of the 
three codon positions, A The numbers of 
steps necessary for the reconstruction of 
the most parsimonious phylogenetic trees 
from the first or second or third 
nucleotides in the codons only. The 
percentages give the shares of the total 
mutations in the rpoB genes. B The most 
parsimonious phylogenetic trees 
reconstructed form the first (B1) or 
second (B2) or third (B3) nucleotides of 
codons only. 

specified in the first column of the table. No assessment 
of  the superiority of one of the phylogenetic recon- 
struction methods (distance matrix, maximum parsi- 
mony, and maximum likelihood methods for both amino 
acid and nucleic acid sequences) over the others was 
made. The numbers under the Amino Acid Sequences 
heading give the effective values obtained by applying 
five different similarity matrices [1.1-1.5] in the protein 
distance matrix method. The average effective values of 
these five reconstructions [1] and the effective values of 
the other five applied reconstruction methods [2-6] are 
shown. These method-specific effective values were 
used as inputs for the two decision criteria applied for 
the determination of the preferred topology. 

The first criterion applied for the calculation of pre- 
ferred effective values for the results of all six methods 
is the arithmetical mean criterion, known in the theory 
of statistical decisions as the Laplace criterion. Ac- 
cording to this criterion the best solution (i.e., in our 
case the best branching topology) is the alternative with 
the highest arithmetical mean. The calculation procedure 
is simply adding up the method-specific effective val- 
ues and dividing the sum by 6. The optimal value for 
this criterion is 100; the worst value is 0. The second cri- 
terion is the minimax criterion, known in the theory of 
statistical decisions as the Savage-Niehans rule (Niehans 
1948; Savage 1951). According to the minimax criteri- 
on the best solution is the alternative the most unfa- 
vorable result of which does better than the most unfa- 
vorable results of the alternatives. This decision criterion 
does not consider the results of all six reconstruction 
methods but only the most unfavorable result for each 
branching topology. The calculation procedure is sim- 
ply searching for the lowest method-specific effective 
value for each topology. The best value for this criteri- 
on is 100; the worst value is 0. 

The order of the preferred branching topologies ac- 
cording to both decision criteria is A >> G /> B >> all 
other topologies. Branching topology A is at the same 
time the only alternative for which all phylogenetic re- 
constructions based on distance matrix methods show no 
branch of length 0 and for which all programs based on 
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Fig. 4. Relevant branching topologies. Topologies A and B turned 
out to be the only optimal results when applying the spectrum of phy- 
logenetic reconstruction programs described in Methods to the aligned 
sequences of the archaeal RNAP component B (or B' and B") or their 
corresponding genes. Topologies Y and Z showed the most unfavor- 
able (worst) scores with the DNA parsimony and protein parsimony 
method, respectively. Topologies C and D yielded the optimal results 
in some of the phylogenetic reconstructions with the archaeal RNAP 
components A' and A" (our unpublished data). Assuming that close- 
ly related species can substitute for each other, topologies E to H rep- 
resent phylogenetic trees described in the literature: Topology E rep- 
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resents the branching pattern found by Woese and Olsen (1986) and 
by Burggraf et al. (1991) when comparing 16S rRNA sequences; 
topology F represents the branching pattern found by Garrett et al. 
(1991) with 23S rRNA sequences (not including T. acidophilum); 
topology G represents the branching pattern of S. acidocaldarius, T. 
acidophilum, M. vannielii, and H. halobium in an analysis done by 
Cammarano et al. (1992) with sequences of elongation factors EF-2; 
topology H represents the branching pattern found with DNA-rRNA 
cross-hybridizations (Klenk et al. 1986). The abbreviations used are 
the same as in Figs. 1 and 3. 

Table 1. Decision matrix ~ 

A B C D E F G H Y Z 

Amino acid sequences 
[I.1] PAM 250 matrix 100 94 85 14 94 71 98 94 0 0 
[1.2] Structure and genetic matrix 100 100 89 19 93 65 99 93 0 0 
[l.3] Genetic code matrix 100 98 97 31 80 64 98 80 0 0 
[l.4] Unitary matrix 100 99 96 22 88 56 98 88 0 0 
[1.5] Problem specific matrix 100 97 94 22 87 63 97 87 0 0 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

[ 1 ] Distance matrix method 100 98 92 22 88 64 98 88 0 0 
[2] Maximum parsimony method 100 98 78 62 94 62 98 85 3 0 
[3] Maximum l ikelihood method 92 1 0 0  79 50 95 62 88 85 0 3 

Nucleotide sequences 
[4] Distance matrix method 100 92 94 28 81 73 92 81 0 0 
[5] Maximum pars imony method 100 80 72 57 82 61 85 69 0 2 
[6] Maximum l ikelihood method 100 85 82 66 77 76 90 65 0 2 

Arithmetical  mean criterion 99 92 83 48 86 66 92 79 1 1 
Minimax criterion 92 80 72 21 77 61 85 65 0 0 
Confidence index 67 51 33 4 29 25 48 23 0 0 

a In the case of the distance matrix method, values printed in bold- 
face indicate positive branch lengths for all branches of the corre- 
sponding topology and plain figures indicate at least one branch of 
length 0. In the cases of maximum parsimony and maximum likeli- 
hood methods values printed in boldface show that the score for the 
topology is not significantly worse than the score for the best topol- 
ogy (statistical testing was done as proposed by Templeton 1983) and 

m a x i m u m  p a r s i m o n y  m e t h o d s  and m a x i m u m  l ike l ihood 

m e t h o d  y ie ld  on ly  resu l t s  not  s ign i f i can t ly  w o r s e  than  

the bes t  score  (Table  1). 

Other  Phy logene t i c  Recons t ruc t ion  Methods  

All  p h y l o g e n e t i c  r e c o n s t r u c t i o n s  i nc luded  in the deci -  

s ion mat r ix  u s e d  the s e q u e n c e  a l i g n m e n t  s h o w n  in Fig.  

effective values printed with plain numbers indicate that the score for 
the topology is significantly worse than the score for the best topol- 
ogy. The best value determined for each of the reconstruction meth- 
ods (lines 1.1-6), and the three highest values for each of the 
decision criteria as well as for the confidence index, are printed en- 
larged. The confidence index is discussed in the section about boot- 
strap and jackknife confidence. 

1 or  the c o r r e s p o n d i n g  a l i g n m e n t  o f  nuc le ic  acid  se- 

quences .  D i s t an ce  ma t r ix  t rees  ca l cu la t ed  f r o m  pairs  o f  

s equences  a l igned  wi th  P I R A L I G N  (George  et al. 1986) 

or  f r o m  a m u l t i p l e  s e q u e n c e  a l i g n m e n t  d o n e  w i t h  

C L U S T A L  (Higg ins  and  Sharp  1989) c o n f i r m e d  topol -  

ogy  A as the bes t  b r a n c h i n g  pat tern .  On ly  r econs t ruc -  

t ion p rog rams  de f in ing  an opt imal i ty  cr i ter ion as the ob-  

j e c t i v e  fu n c t i o n  for  eva lua t ing  an op t ima l  b r a n c h i n g  
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Fig. 5. Analysis of quartets. All 
six possible quartets containing 
one representative only of each of 
the four groups were evaluated and 
added up for each of the two 
methods. The elements of the table 
show the total counts (positions) 
favoring the corresponding 
branching pattern and in brackets 
how often each of the three 
branching patterns is the favored 
one. The abbreviations are the 
same as in Figs. 2 and 4. The best 
scores are printed in boldface. 

topology and for comparing alternative topologies to 
one another could be used for the decision matrix. The 
neighbor-joining technique of Saitou and Nei (1987) 
does not use such an optimality criterion and therefore 
allows only the inference of a preferred tree but no 
comparison of alternative topologies to one another. 
The preferred trees inferred from this method with the 
NEIGHBOR program (Felsenstein I991) confirmed in 
all cases topology A as the best branching topology. The 
compatibility method for DNA sequences (Le Quesne 
1969) defines an optimality criterion for evaluating an 
optimal topology and allows comparing alternative 
topologies to one another. The results inferred from 
this method once more confirmed topology A as the op- 
timal branching topology but were not included in the 
decision matrix because the range of the scores ob- 
tained for the best and the most unfavorable topology 
was too small for the calculation of reliable effective 
values. Unequal weighting of differently conserved po- 
sitions within the alignment or weighting transversions 
twice as high as transitions in the DNA parsimony 
method (both with the appropriate option in PAUP, 
Swofford 1989) did not change the optimal topology de- 
termined without weighting. The results of programs as- 
suming an evolutionary clock will be discussed sepa- 
rately. 

Phylogenetic Invariants 

The three most-preferred branching topologies (A, B, 
and G) were also compared in an analysis of quartets by 
the standard parsimony method and the evolutionary 
parsimony method (Lake 1987) using the option of- 
fered by PAUP (Swofford 1989). The nucleic acid se- 
quences of  the seven taxa included in the analysis were 
distributed into four groups joined in these most-pre- 
ferred branching topologies: Group 1 containing S. cere- 
visiae, S. acidocaldarius, and T. celer; group 2 con- 
taining M. vannielii and M. thermoautotrophicum, and 
groups 3 and 4 containing only T. acidophilum and H. 
halobium, respectively. The patterns A, B, and G drawn 

in the top line of Fig. 5 show the three possible distri- 
butions of the four groups into quartets, each of which 
represents one of the three most-probable branching 
topologies (A, B, and G). The standard parsimony 
method considers the four nucleotides (A, C, G, and T) 
as independent character states whereas the evolution- 
ary parsimony counts branching patterns supporting 
and contradicting the phylogenetic invariants (Lake 
t987). Pattern A, representing branching topology A, is 
in both cases the favored pattern and thus clearly sup- 
ports the result found by analysis of the decision matrix. 

Phylogenetic Tree of the Archaea 

Figure 6 depicts the phylogenetic tree reconstructed 
with the DNA maximum likelihood method. The tree 
shows the most-preferred branching topology A and re- 
markably short lineages leading to S. acidocaldarius and 
T. celer. These lineages (measured from the root of the 
Archaea given by the outgroup) are the shortest also in 
the trees obtained by the other phylogenetic recon- 
struction methods considered above. Therefore the phy- 
logenetic tree shown in Fig. 6 is the best representation 
both of the branching order and the lengths of the 
branches describing the evolution of RNAP subunit B 
(B' and B") of the Archaea. 

Assumption of a Molecular Evolutionary Clock 

All phylogenetic reconstructions described in the pre- 
vious sections were calculated without the assumption 
of an evolutionary clock. Both the distance matrix 
method and the maximum likelihood method (using the 
DNAMLK program) were also applied under the con- 
straint that branch lengths must be consistent with a 
molecular clock. Reconstructions of phylogenetic trees 
from distance matrices (using the KITSCH program) de- 
termined either from DNA sequences (using the second 
nucleotides of the codons only) or from amino acid se- 
quences according to the methods described above 
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Fig. 6. DNA maximum likelihood tree. The tree is reconstructed 
with the program DNAML (Felsenstein 1991) from the second nu- 
cleotides in the codons only. The arrow indicates the phylogenetic lo- 
cation of the splitting event separating the two halves (B'/B") of the 
largest RNAP component, which in methanogens and halophiles re- 
place component B of the thermophilic sulfur archaea, and the sec- 
ond-largest component both of Eucarya and Bacteria, respectively. 
The bar represents 100 expected nucleotide substitutions. The bro- 
ken lineage indicates the outgroup. 

y ie lded  in all cases branching orders which differed 
from topology A only in the locat ion of  the T. celer lin- 
eage. Without  the constraints o f  a molecular  evolut ion-  
ary clock the T. celer l ineage is located between the lin- 
e a g e s  o f  S. ac idoca ldar ius  and  T. acidophi lum.  
Assuming  an evolu t ionary  c lock  7". celer was found 
with equal probabi l i ty  at one of  three locations:  (1) Be- 
tween the l ineages of  T. acidophiIum and H. hatobium, 
(2) between the l ineages of  H. halobium and the com- 
mon stem of  the two methanogens,  and (3) together  
with the l ineage of  M. vannielii. The constraints of  the 
assumed evolut ionary c lock thus move the remarkably  
short l ineage of  T. celer away from its posi t ion next to 
the root of  the Archaea  up in the tree toward or even in- 
to the M. vannielii l ineage. 

The best  molecular  clocks are those depending on nu- 
cleotide posi t ions least affected by regional  or  genom- 
ic evolut ionary changes in GC content (Zuckerkandl  
1987). According  to a proposal  of  E. Zuckerkandl  the 
best  clocks should be obtained with sufficiently large 
sets of second codon positions. The fraction comprising 
the nucleot ides  found at the second codon posi t ions of  
our a l ignment  represents one of  these suitable data sets. 
Phylogenet ic  reconstruct ions with the max imum likeli-  
hood method for D N A  sequences yie ld  the same opti-  
mal branching topology either with (Fig. 7) or without  
(Fig. 6) the assumption of  an evolut ionary clock. This 
al lows a reasonably  legi t imate statistical test for the as- 
sumption of  a molecular  c lock (Felsenstein 1991). With  
the program D N A M L  (not assuming a clock) the loga- 
r i thm of  l ike l ihood ( - 6 , 5 1 8 . 6 )  has been calcula ted by  
taking all 11 branch lengths into consideration. With the 
program D N A M L K  (assuming a clock) the logari thm of 
l ike l ihood ( - 6 , 5 4 1 . 6 )  has been calculated considering 
only six branching t imes (in effect six branch lengths). 
The l ikel ihood ratio test (Felsenstein 1991), which is in 
fact a X 2 test, is performed by compar ing the double of  
the difference between the est imated logarithms of  like- 
l ihood from D N A M L  and D N A M L K  ()~2,) with a Z 2 
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Fig. 7. DNA maximum likelihood tree assuming of an evolution- 
ary clock. The tree is reconstructed with the program DNAMLK 
(Felsenstein 1991) from the second nucleotides in the codons only. 
The arrow indicates the location of the splitting event which sepa- 
rated the two halves (B'/B") of RNAP subunit B. The bar represents 
t00 expected nucleotide substitutions. The broken lineage indicates 
the outgroup. 

dis t r ibut ion with 5 degrees of  f reedom 6 (Felsenste in  
1991). Assuming  a s igni f icance  level  of  ~ = 0.001 
(99.9% certainty of  the tested hypothesis)  and 5 de- 
grees of  freedom, ~2 (0.999; 5) 7 is 20.41. The double  o f  
the difference between the two logari thms o f  l ike l ihood 
(~2.) is 46. The assumption of  an evolutionary c lock can 
thus be rejected since the logar i thm of  l ikel ihood is sig- 
n i f ican t ly  inc reased  (Z2.  > Z2) by  a l lowing  all  1 t 

branch lengths to be estimated instead o f  jus t  six branch- 
ing times. To summarize:  This  analysis  demonstra tes  
clearly that the RNAP B subunit  genes do not appear  to 
be diverging at a constant  rate or  with a constant  c lock 

speed. 

Bootstrap and Jackknife Confidence of  the 
Branching Topologies 

The stat ist ical  conf idence  o f  the exis tence of  sets of  
species was tested with boots t rap and jackkni fe  resam- 
pling methods (Efron 1982) by the D N A  and protein 
pa r s imony ,  the D N A  m a x i m u m  l ike l ihood ,  and the 
DNA and protein distance matrix programs as described 
in the PHYLIP  package  (Felsenste in  1991). The pro- 
grams were used with 200 repl icat ions each. Bootstrap 
values calculated with different reconstruction programs 
can be spread over  a wide range (Table 2). Some ex- 
amples:  (Hha, Tce) from 0 to 15, (Alva, Mth, Tac) from 
1 to 22, and (Mth, Hha) from 13 to 29. The calculat ion 
of  average bootstrap values from values found with dif- 
ferent  phy logene t ic  recons t ruc t ion  methods  is not  a 
commonly  used method but  the average values (given 
in the last column) alleviate the potential artifacts of  any 
s ingle  recons t ruc t ion  method.  The first  four  sets of  

6 Reconstructions of phylogenetic trees from seven species not as- 
suming an evolutionary clock possess 5 additional degrees of free- 
dom when compared with reconstructions under the constraint of an 
evolutionary clock. Each degree of freedom represents the possibil- 
ity to calculate the length of a branch independent from the lengths 
of other branches 
7 (0.999; 5) means (l-a; five degrees of freedom) 
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species, which together constitute the branching topol- 
ogy A, show by far the highest average bootstrap val- 
ues and their method-specific bootstrap values are in any 
case higher than all values for all other sets of species. 
The geometrical mean of the average bootstrap values 
from the four sets of species constituting any of the 
branching topologies can be considered as an index of 
support reflecting the confidence of the branching topol- 
ogy. These values are shown for the 10 branching 
topologies A to Z in the line termed "confidence index" 
in Table 1. The rank of the branching topologies ac- 
cording to this criterion (A >> B > G >> all other topolo- 
gies) supports once more the result of the decision ma- 
trix. Jackknife values were always in the same range as 
bootstrap values when calculated with the same recon- 
struction program (data not shown). All sets of species 
with an average bootstrap value of at least 3% were rep- 
resented in Table 2. It can therefore be concluded that 
any one of the 935 possible branching topologies (sev- 
en species can be organized in 945 unrooted branching 
topologies) not compared in the decision matrix (Table 
1) is supported less by the confidence index than is the 
most preferred branching topology A. 

Discussion 

The Combined Phylogenetic Reconstruction Method 

The strategy used for searching the most-favored phy- 
logenetic tree and for the analysis of its advantage com- 
pared with the other probable trees was a combination 
of different phylogenetic reconstruction methods and 
methods used in the theory of statistical decisions and 
with statistical resampling tests. The four steps for the 
analysis procedure are: (1) Determination of the relevant 
branching topologies, (2) construction of a decision 
matrix for the determination of the preferred topologies, 
(3) confirmation of the favored branching topology in 
an analysis of quartets including the "evolutionary par- 
simony" method (Lake 1987), and (4) determination of 
the statistical confidence of the branching topologies 
with resampling methods. 

It is not unusual to find different branching topolo- 
gies when analyzing the phylogeny of a marker mole- 
cule with different phylogenetic reconstruction methods 
or when analyzing different phylogenetic marker mol- 
ecules from the same set of species. For the compari- 
son of several branching topologies in a decision matrix 
the method-specific scores have to be transformed into 
effective values. The relevant topologies for this trans- 
formation are all method-specific optimal topologies 
and at least some of the least-preferred topologies found 
by the same methods. Since not all of the applied re- 
construction programs allow the determination of a 
least-preferred topology, we used only the least parsi- 

monious topologies found by DNA and protein maxi- 
mum parsimony methods. They proved to be also the 
least-preferred topologies when compared with other re- 
construction methods. Topologies determined in the 
analysis of other marker molecules can be included in 
the comparative analysis without disturbing the selec- 
tion of the most-favored phylogenetic tree. 

A decision matrix can be used for the identification 
of the most-preferred branching topology within the 
group of conceivable candidates for the "true" phylo- 
genetic branching topology. The most-preferred branch- 
ing topology should give a satisfying description of the 
evolution as viewed by various phylogenetic recon- 
struction methods. Studies trying to determine the effi- 
ciency of different phylogenetic reconstruction methods 
in obtaining the correct tree lead to contradictory results 
(Saitou 1988; Hasegawa et al. 1991). In selecting the 
methods used in the decision matrix we neither assumed 
a superiority of one of the reconstruction methods over 
the others nor an inequality of results obtained from 
DNA or amino acid sequences. The distance matrix 
method as well as the maximum parsimony method and 
the maximum likelihood method were assumed to be 
suitable and equivalent methods for the reconstruction 
of phylogenetic trees from both DNA and amino acid 
sequences. The two criteria which were applied for the 
determination of the preferred effective values for all six 
methods allow not only the determination of the pre- 
ferred branching topology but also an estimation of the 
confidence of this decision. The latter is important since 
consistency among different methods is a poor guide to 
statistical significance (Felsenstein 1991). Example: Let 
one branching topology (I) be the optimal solution for 
all applied reconstruction programs. Let another branch- 
ing topology (II) be insignificantly worse than topolo- 
gy I for all applied reconstruction programs. The sim- 
ple ratio between the numbers of favored topologies is 
all for topology I against nothing for topology II. The 
ratio of the overall effective values might be 100 for 
topology I against 99 for topology II, indicating that 
topology I is not confidently superior to topology II. 
Therefore the estimation of the confidence of the pre- 
ferred tree is an essential part of the analysis. 

The branching topologies with the best values for the 
two decision criteria were compared in an analysis of 
quartets including the method of phylogenetic invariants 
(Lake 1987). This third step in the combined phyloge- 
netic reconstruction method should confirm the pre- 
ferred branching topology of the decision matrix or 
help to discriminate between topologies with insignifi- 
cant differences in their preferred effective values. At 
the same time Lake's  method of phylogenetic invariants 
offers the possibility to test for homoplasies--i .e. ,  sys- 
tematic errors which tend to join diverged sequences as 
sister groups in unrooted phylogenetic trees. The "evo- 
lutionary parsimony method" (Lake 1987) has been 
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Amino acid 
Topology DNA sequences sequences 

Sets of species A B C D E F G H Y Z [MP]  [ML]  [DM] [MP]  [DM] 

Average 
bootstrap 
value 

(Mva, Mth, Hha, Tac, Tce) X X X X X X 85 81 91 98 99 90 
(Mva, Mth, Hha, Tac) X X X X X X 85 69 62 82 84 76 
(Mva, Mth, Hha) X X X 56 48 51 43 49 49 
(Mva, Mth) X X X X X X 51 60 56 56 73 59 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(Hha, Tac) X X X 5 3 4 29 40 16 
(Mva, Mth, Tac) X 4 17 20 22 1 13 
(Mth, Hha, Tac) X 19 4 1 8 l 6 
(Tac, Tce) X 3 4 11 2 4 5 
(Tac, Sac) X 5 7 4 2 0 3 
(Mva, Hha, Tac) X 4 1 5 1 3 3 
(Tce, Sac) X 1 5 2 0 2 2 
(Tac, Tce, Sac) X 2 6 2 0 0 2 
(Mva, Mth, Tac, Tce, Sac) X 1 2 2 0 0 1 
(Mva, Hha, Tac, Sac) X 2 1 0 0 0 1 
(Mva, Sac) X X 0 1 0 0 0 0 
(Mth, Tce) X X 0 0 0 0 0 0 
(Mth, Tac, Tce) X 0 0 0 0 0 0 
(Mva, Hha, Sac) X X 0 0 0 0 0 0 

(Mth, Hha) 29 17 19 23 13 20 
(Mva, Tac) l I 19 19 5 5 12 
(Hha, Tac, Tce) 3 13 3 11 9 8 
(Hha, Tce) 1 15 8 0 3 5 
(Mva, Mth, Hha, Tce) 4 5 10 6 0 5 
(Mva, Mth, Hha, Tac, Sac) 12 10 3 3 0 5 
(Mva, Hha, Tac, Tce) 0 3 0 10 10 4 
(Mva, Hha) 0 2 8 1 4 3 

a Bootstrap values calculated with maximum parsimony [MP], max- 
imum likelihood [ML], and distance matrix [DM] methods were per- 
cent values. The first column shows the sets of species to which the 
bootstrap values in the same line belong. In the second column the sets 
of species constituting the 10 branching topologies (A and Z) are 
marked. Each branching topology comprising seven species can be de- 

scribed by four sets of species. The first four sets of species consti- 
tute branching topology A; the next 14 sets of species (between the 
dotted lines) constitute branching topologies B to Z. The last eight sets 
of species comprise the most probable sets of species not consid- 
ered in topologies A to Z. The abbreviations used for the species are 
the same as in Fig. 4. 

suggested to serve this purpose by being a rate-inde- 
pendent technique for the analysis of nucleic acid se- 
quences. In our analysis the result of the evolutionary 
parsimony method clearly supports topology A and con- 

tradicts the influence of homoplasies. 
The last steps of the analysis were the estimation of 

the confidence of the jo in ing  of species in sets within 
the branching topologies (Table 2) and the determina- 

tion of confidence indices for entire branching topolo- 
gies (Tables 1 and 2). The frequency with which a set 
of species appeared in replicate trees was interpreted as 
an index of support for the common stem separating this 

set of species from all other species. The calculation of 
average bootstrap values from values determined with 
different phylogenetic reconstruction methods avoids 
potent ia l  preferences  of any s ingle  r econs t ruc t ion  
method. The rank of the branching topologies accord- 
ing to the confidence index (Table 1) clearly shows 
once more topology A to be the optimal branching or- 

der. Since all sets of species with average bootstrap 
values of at least 3% were analyzed (Table 2) it can be 
concluded that no other branching topology is more fa- 
vored by the confidence index than topology A. 

The higher phylogenetic conservation (Fig. 2) and the 
lower variability of the nucleotide composit ion (Fig. 3) 

of the DNA fraction comprising the nucleotides found 

at the second codon positions led to the exclusion of the 
more variable codon positions 1 and 3 from phyloge- 
netic reconstructions. The observation that the second 
position requires a significantly lower number  of steps 

for the reconstruction of the most parsimonious phylo- 
genetic tree than the first and third positions is in line 
with the detection of different fixation rates for differ- 
ent codon positions in a number  of other genes (Kimu- 
ra 1983). The observation that the GC content for the 
nucleotides found at the second codon positions shows 
less variation than for those found at the first and the 
third codon positions (Fig. 3) is in accordance with the 
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observation that the GC content changes with the high- 
est rate in the third positions and with the lowest rate 
in the second positions (Bernardi and Bernardi t986). 

Branching Topology of the Archaea 

This analysis shows topology A to be the most-pre- 
ferred branching topology for the archaeal domain. The 
deepest bifurcation within the Archaea divides Sul- 
folobus (the only included representative of the Cre- 
narchaeota) from the five Euryarchaeota. The only 
branching topology (D) which does not show this fun- 
damental bifurcation within the Archaea was found to 
be the least-preferred of the "real" topologies compared 
by the decision matrix (not considering topologies Y and 
Z, which were only included for standardization). A 
common stem for M. vannielii and M. thermoau- 
totrophicum is characteristic not only for the preferred 
branching topology (A) but also for the second (G)- and 
third (B)-best solutions of the decision matrix. Branch- 
ing topology E shows the best values within the group 
of  t o p o l o g i e s  w i t h o u t  a c o m m o n  s tem for  the 
Methanococcales and Methanobacteriales but is sig- 
nificantly less preferred than topology A. Topology A 
locates the event that replaced the RNAP subunit B of 
the thermophilic sulfur archaea (S. acidocaldarius, T. 
celer, and T. acidophilum) by components B'and B" of 
all methanogens and halophiles in the branch separat- 
ing the thermophil ic  sulfur archaea from the two 
methanogens and H. halobium. Not only this gene split 
but also the appearance of methanogenesis and the fad- 
ing of sulfur-dependent modes of life are most simply 
explained by topology A. 

The sets of species included in studies comparing dif- 
ferent marker molecules overlap in most cases only 
partially. Nevertheless, for the comprehension of the 
evolution of species it is necessary to compare such re- 
sults for as many molecular markers as possible. We 
compared our result with some of the branching patterns 
shown in former studies (topologies E to H in Fig. 4 and 
Table 1), assuming that closely related species can sub- 
stitute for each other. According to the results of the de- 
cision matrix all of these branching topologies are less 
preferred than topology A. Branching topology A is 
not only the most-preferred topology for the large 
RNAP subunits but also a possible branching topology 
for most of the marker molecules used before (16S 
rRNA: Burggraf et al. 1991; 23S rRNA: Woese et al. 
1991; EF-2: Cammarano et al. 1992). 

Our claim of significance for the superiority of topol- 
ogy A over the other branching topologies mainly de- 
pends on the preferred effective values calculated in the 
decision matrix. Since this is the first application of a 
decision matrix in a combined phylogenetic recon- 
struction method it is not absolutely clear whether this 
method provides a rigorous test for the differentiation 

between the phylogenetic qualities of different branch- 
ing topologies. Further studies on the features of this 
method should follow. 

None of the subsets of topology A received more 
than 90% support of the bootstrap results in Table 2. Ac- 
cording to the rule that 95% bootstrap frequency is nec- 
essary for statistically significant trees, this result does 
not support our claim of significance of topology A. 
Nevertheless, Table 2 allows at least the conclusion 
that no other branching topology is more supported by 
bootstrap frequencies than topology A. 

In much the same way as the splitting event of the B 
subunit, the presence of shared deletions-insertions in 
the aligned sequences can be used to support or refute 
branching topologies. Some of the deletions-insertions 
in the alignment (Fig. 1) are too complicated to assign 
to a specific topology (positions 328-335, 601-617, 
and 975/976); others support the preferred topology 
(positions 662/663). Nevertheless, the deletions-inser- 
tions at positions 248 and 256-259 clearly not support 
topology A. They support topologies which join H. 
halobium either with M. thermoautotrophicum or with 
M. vannielii; both of them cannot be considered as 
promising candidates for the overall preferred topolo- 
gy (Tables 1 and 2). 

Component B of RNAP as a Phylogenetic 
Marker Molecule 

A molecule has to fulfill certain criteria to be a useful 
chronometer for evolution: (1) It has to occur in all 
compared organisms; (2) its rate of change has to be 
slow enough to compare all species; (3) its size should 
be large enough to guarantee high confidence in the phy- 
logenetic results. Subunit B of RNAP fulfills all these 
features: (1) All archaea contain a multicomponent 
RNAP and subunit B (either complete or split) is pre- 
sent in each of these enzymes; (2) subunit B is one of 
the important components of the transcription appara- 
tus and therefore highly constrained to evolve with a 
reasonably slow rate; (3) the 1,092 positions of the 
alignment used for the phylogenetic reconstructions 
represent one of the longest sequence data sets used for 
the investigation of archaeal phylogenies [23S rRNAs: 
1,417 positions (Garrett et al. 1991); EF-2:840 positions 
(Cammarano et al. 1992); 16S rRNAs: 830 positions 
(Woese and Olsen 1986); EF-lc~: 409 positions (Creti 
et al. 1991)1. 

Sequences of RNAP components have one important 
d isadvantage when compared  with sequences  of  
rRNAs--the most-used molecular chronometers: They 
cannot be sequenced directly and therefore rapidly. This 
drawback is compensated for by three advantages: (1) 
Amino acid sequences can be aligned more easily than 
nucleic acid sequences; (2) the amino acid sequences 
can be used for phylogenetic comparisons in addition to 
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the  n u c l e i c  ac id  s e q u e n c e s ,  a l l o w i n g  a m o r e  e x t e n s i v e  

s p e c t r u m  o f  r e c o n s t r u c t i o n  m e t h o d s ;  (3)  at  t he  n u -  

c l e o t i d e  l eve l  the  d i f f e r e n t  f ea tu r e s  o f  the  t h r ee  c o d o n  

p o s i t i o n s  w i t h  r e s p e c t  to n u c l e o t i d e  c o m p o s i t i o n  and  

e v o l u t i o n a r y  ra te  a l l ow  a r e s t r i c t i on  o f  p h y l o g e n e t i c  re-  

c o n s t r u c t i o n s  on  the  f r a c t i o n  w h i c h  m i n i m i z e s  the  d a n -  

ge r  o f  b r a n c h i n g - o r d e r  ar t i fac ts .  

B r a n c h i n g  t o p o l o g i e s  d e r i v e d  f r o m  s e q u e n c e  ana ly -  

sis h a v e  to b e  c o n s i d e r e d  as h y p o t h e s e s ,  w h i c h  h a v e  to 

b e  t e s t ed  and  e i t h e r  s t r e n g t h e n e d  or  r e j e c t e d  on  the  ba-  

sis of  o the r  k inds  o f  data  ( J ensen  1985).  T he  subun i t  pat-  

t e rn  o f  a r c h a e a l  R N A P s  p r o v i d e s  such  a d i f f e r e n t  k i n d  

o f  data .  A su i t ab l e  d e s c r i p t i o n  o f  the  p h y l o g e n y  o f  the  

A r c h a e a  s h o u l d  loca l i ze  the  sp l i t t ing  e v e n t  o f  the  R N A P  

c o m p o n e n t  B at a s ing le  p o s i t i o n  w i t h i n  the  p h y l o g e -  

ne t i c  t ree.  T h e  f a v o r e d  b r a n c h i n g  t o p o l o g y  A in th is  

s tudy c lear ly  p inpo in t s  th is  charac te r i s t i c  even t  of  the  ar- 

c h a e a l  e v o l u t i o n .  
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