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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) confirmed 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 Methanococcales and Methanobacteriales 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-
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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! content and the purine/
pyrimidine ratio) of the sequences analyzed differ wide-
ly from one another (Woese et al. 1991). Using amino
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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; Piihler et al. 1989a;
Sidow and Wilson 1990; Iwabe et al. 1991) that con-
sidered only the RNAP component sequences from
Methanobacterium thermoautotrophicum (Berghofer 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
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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,? Dayhoff’s log-odds matrix (termed
PAM?250, 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 cotrespondences 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).2 Distance trees were reconstruct-
ed from the distance matrices with the programs FITCH, KITSCH, and
NEIGHBOR (Felsenstein 1991). Most parsimonious trees were re-
constructed with the programs DNAPARS, DNAPENNY,*
DNACOMP? (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, maximurm 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
Sac MLDTESRWAIAESFFKTRGLVRQHLIEFNDPL-—— -~ -RNKLQQVIYEQGEIVTEV-~~-~— PGLKIK--
Tee MASRGPTVVDVTPDDLWLVMEAYWKERGLVRCHLDSYNAFI- -~ - - -DHGMQEVIDEFGGVKPDT ~PDFEVK-- -—
Tac MKEIVDAYFKKYGIVNHQLDSMNSFYATPDNPNSVMQQOTVDETKVSDDAD- ~~~-— PGYFVLDPAKTGGHDIRIYYGRVRENGHY
Mva MESRVIVDAFFRENSLVKHHIDSYDDFV -~ =~~~ ENKIQGIIDEVTGVETEIR --F@KVR-
Mth MRKKSAWGLVDAFFDKYDLVDHHIHSYNDPV. -SNRIQEIIDTSEPIELEQ
Hha MLQEDKRELSESYFSKERLAEHHFRGYNAFL- - - —— -EHGMQDVVT EKER IETDIGDKEDEEPVWVE

101 # 200
gac ---~---- YEKPSIRETDKGPMREIT PMEARLRNLTYSSP IFLSMIPV-ENNIEGE- -~~~ PIEIY TGLPINLKSVADPTSNLD IDKLIE~ -~~~ ===~~~

201 300
fac ----- IGEDPKDPGEYFIVNGSRKM L IAQRDLATNRVLVDYGKSGSNITHVAKVTSSAAGYRVQVMI B~ -~ -RLKDST IQI SFATVPGRTPFATIMRALG
Tea ----- LEEDPKDPGEYFIVNGSERVIVSIEDLAPNKTL.VERDERQNR I -~ TAKCFSYRHGYRAL ITVE~ -~ ~RRKDGILYVKLPNVPR PVKFVYVMFALG
Tac EKLQYVGRDEODPGGYFI IGGSBRVIVSLEDLAPNKIMVEWEDRYESKVEVSKVFSORGGFRALTSME~- ——-KGTDCT INVSIPSVAGTVPLVILMKALG
Mva ----- YGEDPXKDPLGYFIVNGSEKAVVAQRDL I PNRILCEKVEKNNKIVDIAKVFSIRHGFRALCTVE~---RSPDGLLNVSFPGMPST I PLVILMRALG
Mth ~-—-- KGEDPADL.GGYFIVNASERS IVIMBEIAPNKIILERIGEEDEKRARATVTSTRSGFRARISLEYRKPRRTGVFLRISFPYVPGELPLVILLRALG
Hha —---- IGRDPADPGGYFI INGSERVLMTSEDLAPNKILARY DSKYGDEIQVAKT FSORRGYRALVLVE- - -RNREGLLEVSFPSVSGSISFVTLVRALG

301 # 400

fac FVTIRDIVYAVSLDPQIQNELLPSLEQ:

EALDFIGNRVATGQKRENRIQRAEQVIDKYFLPHL~--GI'SPED-R

Toe LLSDREIVEAVSDDPRIQHVLFDNLED ~-ASDVITQR~————-- EALDYIGKLSLPGEQPREYRLRRAQNI I DNNLLPHEM- - ~GVEEKD-R
Tac LERIVDVHDATASVPEMEPITYSNIEDSKNPRVLP~-~-PNGVNTT B-——--~~ DATSYLERRFAAGQAKEFRDKRISOMLDHSLLPHL~~~@DSPSD~R
Mva AESIREIMELISDEPTVVMQLVANLQEARE- -~ —= -~ EHGINTT B-~—~ -~~~ DALEHIGKRVAPGQPKEYKLKRART ILCNYLLPEM - - -G ESEK-L
Mth LATIOEIITSISDDENYQMIAADDIQVSLDKLKLDSDKMEEEMDEE ERREYLIRS ATKY IGNRVAKGMTEDYRIKRARDVIDRYLLPHRI-~-GIEPDK-R
Hha LESIEEIVHRVSEDPEIVKFMLENLE-~—---=—---~- EADVQTQR-—~~—~~ EATEDLGQRVASGQGKNYQLKRANYVIDRYLLPELHEDG@VEEEETR

401 t 500
Sac KKRGYYLASAVNKILELYLGRRFEPDDKDHYANMKRVRLAGDLFT SLFRVAFKAFVKILVYQLEKSKVRGRRLS — —— —— -~~~ LTALVRADIITERIREALAT

Tece KARAYYLGMMALRVLELSLGLRGED DKDHYA NKRLKLAGDLUMDLFRVAFGOLVK IMQ YOMTKTYQRKGERYTFENIQRFVRNS IRPDVLSERTEHALAT

Tac TRKATYLGRMARSLLELSLGIRKED DKDH 2 NKR IKLAGDIMDELFPRSAFQSVMKELK YOLEKTYNRKRGIK -~ ~~~~-TRPAVR(DLLTORVLERMS T
Mva GAKCKYLGRMAKNSIELYLGSRVED DKDHYA NKRLKLAGDIMEDLIFRHSFNQL TK DIK YOLERQA TRNKEPS -TQAAVRSDVL.TERMREAMAT
Mth LERAVYLAEMTEMLLQVISGERKPHDKDHYT NKRLRVSGDIMEDLFRVAFTSLTRIMS YRLERSLARGKEPS ~VRQAVRSDVLSENLKHATAT
Hha INKAYYLCRMAEACFELALGRREADDKDHYANKRLKVSGDLMKDLFRTALNKLAR VK YOLERANMRNRELT -~ - ~——--VNTVVRSDVLTERLERPIAP

501 . 600
Sac QIWVGERTGVSQLLDRTNWLSML SHLRRVVSSLARGQPNFRARDLHGFOWGRMCP FRTPRGP NSGLVENLALLAQVSVGINESV-VERVAYELGVVSVED
Tee GSWPEGRTGVSQLLDRTNYISTLSHLRRVTSPLSREQPHFRARDLHIHWGRLCR TETPEGP NCGLVRNLALMSQITTGVPEER-VREVLERLGVVPIEE
Fao GIWICERTGVSQLLDRVSNLSTISHLRRITSPLTRTQPHFEARDLH PFOWGRICP NETPRGONCALVRKNAALLINVT(OGIDPDS-VMEILKGMDVREVLE
Mva @QIWVAGRTGVSQLLDRT SYLATVSOLRRVVIFLSRSQPHFEARDLHEATOWGK ICP SETPRECP NCGLVENLAVMCKVTTDEEDEG- I IQLIKEIGLSKDI*
Mth GNWVEGRAGVSQLLDRTSYMGTLSHMRRVVSPLSRSQPHFEARDLH PPOFGKICP NETPESP NCGLVKNLALMA KT SEGSDPDE- IEEVIKKMGVIN® - -
Hha GIWVGGRSGVSQLVDRTDFMGVLSHLRRLRSPLSRSQPHFEARDLHEATOWGRICP SETPRGP NCGLVENFAQAMEL SQDVDDER DLKQELSSMGVEGI PG

601 - 700
fac VIRRI--SEQNEDVEKYMSWSKVYLMGRLLGYYEDGKELAKKIRES RROGKL SDEVNVAYIATDYLNEVHINCDAGR VRRPLI TVNNGT PLVDTEDIKKL
PDLWRLYLNGVLVGTVEDGEGFVNRIRTDRRSGKI DT INVALYQDEDVKET YVNSDIGRVRRPLI TVENGRPKL TREHVEAL
—~~PKRGRVWLNGDF IGYHDDPRYLVSRIREE RRSGRM SDEVNVRYD- - DNTNEV IVNSDFGR LRRPLL ILKDGKTVLDRTMIERL
Mva -] MDTLERQANVYVNGKLI DT SKDPENLVKSLRIQRRSGKL SPNT SISFN- - EESNDIHISTDAERAVRPLVVVENGFSKLTNELLERV
MER ~ e ] MNKTKIYIRGKLIGTCDNPEEFVEE TRAKRRSGEV SHEMNITHY - ~ PENHETYIFTDPGRARRPLI IVEDBEPLL KEEHLEKL
Hha ISMETTSTTSADD*MSTEREAKVYVNEGSLVGTHENPEELAEQIREARRRGEYV SEMVNVSVR--DRTGEVIVNADASRARRPLLVVENGEPVVTQEEVEAV

701 # 8*0
Sac KNGEITFDDIWKQGKIEFIDARREE NAYVALNPQD -~~~ ==~ === s m o m o mmm s m e oo LTPDHTHLEIWPSATLGITAST
Pea KNGSLTWSDIVEMGVIEYLDARREE NALVATWPWE ~— ~— = == === m o e o o VTEEHTHLE.MPAATLGIPASL
Pac KHGEISFEDINVKQGAIEWLDAEREE DTYVAVYAYDIPEKCPHCNSYLYRSMVDWVNPGESEITLECGFCHORFNVPSKLSKENTHLEIDPAMILQVVAST
Mva NNNELTFEYIVKTGVIEFLDARERE NARTIAMYNDE ITFENTHVEIDPLVILGTIGAGY
Mth SSGEMEWDDLISQGILIEYLDAEREER NTYIAMSPEE VTEEHTHLEIDPSTML.GICAGI
Hha KNGDIDFEDIVEAGKVEFIDAERREE DILVGVEEEE LITDHTHLEIDPQL IF G IGAGM

801 900
Sac IPYPEHNOS PRNTYQSAMARQ SLGLYASNYQI RTDPRANL LEY PQMPLVOT BMLGV IGYNDRPAGANA TLATMSYTGYNMEDST IMNRSSIBRCMYRS T F
Tra VPYPERMAR PRNTYGAGMAKQ SIGLGWANFRI RVDIRGHLMAY PQVPLVNSRIMKAVCGFEERPAGONFVVAVLSYAGYNMEDA T TMNKAS TRRGLARSTF
Tac IPYPEHNSSPRITIASAMARQ SLGFAQSNVRIRPDTRGHLLEYPQVPLVRTRVMDY IHY DRRPAGCNFVVAVLSYEGYNIODALVINKAATRRGLGRSTF
Mva APYPEHNSA PRITMAAAMGKQ SIG I PMANI KWRMDTRGHLLHY PQUPLVRT KHOE ILGF DKRPAGINFVVAVMSYEGYNMEDAF VINKASLERGLGRS T F
Mth TPFANHNSS PRNBYMEAGMIRQALGLYASKYNL RTDTRAHLLHHPQVPIVKTRIIDVTGY DERPSGONFVVAVMSYEGYNMEDAL ILNKASLERGLARS SF
Hha IPYPEEMASPRITMGAGMMKQ SLGILPAANYRIRPDPRCHIIHYPQRAMVNT QT TEQIGY DDRPAGONFVVAVMSYEGFNTIEDAL VMNRGSVERALSRSHF

901 1000
Sac FRLYSTERVKYPGGQFDKIVTPEAGVK @YKGKDY YRLILEDNGVVS PRVE VKGGDVLIGKVSPPRFLOBFKELSP -~ EQAK FOT SIVT RHGENGI VDLVL.I
Tce FRTYEAEEBKRYLGGQTDRFEIPDPTIQ@YLGERYYRHLDEDGI IF PESKVNCKDVLVGRTSPPRYLERQSCGLGGIILOERRET SLTVRPSETGVVDKVII
Pac FRTYSAEBRRYPGGQEDKFEIPTHDII GARAEEYYKNLDDSGIIFPEAY VEGSDVLIGKTSPPRFLEKRGEERLG -~ PORRRES SVTMRPNRSGYVDNVEL
Mva FRSYESFEKRYPGGQIDKFEVPERGVRGYRAEEAYRNIGDDGL IDLESEVRSGDVILGKTSPPRFLEBQEITLOT - KSQRROT SVT TRHGREGVVDLVIL
Mth FRSYEATERRYPGGQEDRFEIPEKGVRGYRSERDYRHLDEDGIINPEI'EVSSGDVLIGKTSPPRFLEEIDEFGTV-AERRRET SVI'VRHGREAI VDAVLL
Hha FRTYEGERRRYPGGQEDRFETRGDDVR@ARGEDAYTHIDDDGLVNPEIK VDDSSVLLGKTSPPRFLERPEDMGGLS POKR RET SVITMRSGRDGV VDTVTL

igol T 1100
Sac TETLEGNKLVKVRVRDLRIPR I-GDKFATREGQRKGVVELL I DQVDMPYTAKGIVPDITLNPHAL PSRMT [GOIMEATGOK YAALSGK PVEATPFLET PKL
Tce TETCDGTKLVKVITRDLRIPE F-GDKFA SREGQKGY IQL IV PQEDMPWTESGIVPDLIVNPHGI PSRMT VEOL T BATGGKVASLKGRRVDGTAFIGEP-E
Tac TVSESNSRVVKIKVRSERIPEL-GDKFA SREGQKGVVALVVPQEDMPFTEDGI IPDLIFNPH STPSRMTVGHIL R/IGOK IASRTGRFIGTIFSGEP-E
Mva SETKEGNRLGKVRVRDLRVPR F-GDKFA SREGQKGV IGLVVPQEDLPFTEDGVIPDL I INPH AT PSRNT IGOVLRMIGAKVGSLECRRVIGTIFSGEG-E
Mth TETVEGSRLAKIRVREQRCPE FIGDKFA SREGQKGVVELIVSQEDMPFTEDGVVPDLIVNPHEAT PSRMSVAQOVLBLAGKAACMEGRRVIGTPFIGEE~E
Hha MEGEDGSKLAKVSVRDERIPEL-GDKFA SREGQORGVVEHLA PQEDMPFPOEGVVPDLVLNPH AT PSRMTVGHVL ML GAKAGSLDGRSVIGTPPTGEG-E

1101 # i 1200
Sac QEMQKEILKLGHLPDSTEVVYDERTGOKLKSRILFGIVYYOKLHMVADKMHARARGE W ILTRQPTRGRAREGGLRFGRMERDCL IGF GTAMLIKDRLL
Tce EKLRKELEELGFKHSGREVMYDEITGRRLEADVFVEVIYYORLHEMVADKMHARSRGP VLTKGPTBORAREGOLRIGEMEBRDVL IGHAAAMLLIERLL
Tac KSLRDALVKYGFRKSSTEVMYDEITGRRFKADIFVGVIYYQKLHAMVAGKFHARSRGP VRQILTRQPTECR SROGCLRFCEMERDT L IAHGAAMVIKDREL
Mva WALRHALENYGFTHSGKETMYDGKTGRKLECEIFVEVAYYQOKLHALVAGKIHARSRGP IQVLTRQPTRCRAREGGLRFOGEMERDVL.VAHGAALLLKERLL
Mth KDLKEALKANGFESAGVETLYNGITGERIEAEIFIGVAYYOKLHAMTTDRIYARSRGPQVLTRQPTEGRAREGALRFGENERDCL IAHGAALALKERLL
Hha DEIRGTLEDRGFKSSGKEVMYSGVSGEKIEAEIFVETIFYHKLYAMYSNKLHARSKGP VQVLTRQPTREGRAREGGLRVGEMERDTVIGHGAAMVLKERLL

1201 1286
Sac DNSYRAVVYICDO--CEYVGWY DRSKNRYVCPVHGEDKSV -~ - —- - LHPVTVSYAFKLLIQBLMSMVISPRLILGEKVNLGGASNE *
Pce EESDKTEVWWEN--CGHIALEDKRRGKVYCPVCGEEER- ~ISKVEMSYAFKLLLDELKAMGIRPSLKLVDRV*
Tac DOSDGTVLYWGNPSCEHIAIYDRRKGTLRCPVCGNTGN-—---- IYPIETSYAFKLMRDELISLGVVMRLMUGIMK*
Mva DESDPHEDYVCAK--CGEIATFDYKRCGMKFCPVCGESEDTQDNRKI PPVKIAYAFKLLL DELKSMGT DPRLKLKDRA*
Mth DESDKYEALVCAE--C@MIAIYDKIRDKKYCPICEDSES-~-~—--— FPVEISYAFPKLLLDEBLKSLCIFPKLVLEDKA*

Hha DSSDREEIHWGN--CGMTAVENYEQRRVYCPNCEEETD-~———-~ ‘VHSIEMSYAFRLLLDEMKALGIAPRLELEEAV*



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 likelithood), 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:

ev,; = 100 X [(scoreij - scorew.)/(scoregj - scorew.)]

in which score,; is the score of branching topology, calculated with the
phylogenetic reconstruction method,. Score ; is the score for the op-
timal topology and score,; is the score for the worst topology found
with reconstruction methodj. Effective values (evU) 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 (Piihler et al. 1989b), T. celer (Klenk
et al. 1992a), and T. acidophilum (Klenk et al. 1992b)
aligned with the homologous sequences of RNAP sub-
units B” and B’ from M. thermoaurotrophicum
(Berghofer et al. 1988), H. halobium (Leffers et al.
1989), and M. vannielii (P. Palm, unpublished). The
bar above the S. acidocaldarius sequence marks the
1,092 positions used in the phylogenetic reconstruc-
tions, comprising 96.2% of the total sequences. Unique
inserts in a single sequence or positions without obvi-
ous similarities between the different sequences were
excluded from the phylogenetic 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 aligned with the archaeal sequences and
served as an outgroup for the phylogenetic reconstruc-
tions.

Phylogenetic Inequality of the Three Codon Positions

DNA sequences were aligned in accordance with the
amino acid alignment shown in Fig. 1. Most parsimo-

-l
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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 parsimonious phylogenetic tree recon-
structed from the second nucleotides of the codons re-
quires a lower number of steps for the description than
those reconstructed from the first or third positions (Fig.
2). Moreover, the branching topologies of these three
trees were different from each other.

Figure 3 shows a comparison of the GC contents of
the three data sets using the nucleotides occupying each
of the three codon positions only. The GC content at the
second codon positions shows little variation with a
mean value of 37.8 £ 0.7% whereas positions 1 and 3
are more divergent. The second codon positions also
show a less variable purine content (52.1 = 1.2%) than
the first (66.2 = 2.2%) and third codon positions (51.2
* 4.4%).

The lower evolutionary rate (Fig. 2) and the lower
variability of the nucleotide composition at the second
codon positions (Fig. 3) suggest the exclusive use of the
latter for phylogenetic reconstructions. The nearly con-
stant nucleotide composition of this fraction minimizes
possible branching-order artifacts arising when the nu-
cleotide composition of the sequences compared differ
widely from one another (Woese et al. 1991). Moreover,
the phylogenetic conservation of the nucleotides found
at the second codon positions reduces the potential
branching-order artifacts which might arise when se-
quences are only distantly related (Zuckerkandl 1987).
Thus, we used only the nucleotides found at the second
codon positions for the phylogenetic reconstructions
from DNA sequences described below.

Possible Branching Topologies of the Archaea

For the comparison of possible branching orders in a de-
cision matrix 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 optional class: (1) All topologies
which show the best result with one of the applied 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 optimal solutions in phylogenetic analyses based
on other marker molecules (optional). Topology A is
characterized 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), Tce (T. ce-
ter), Tac (T. 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 . Hyphens represent gaps and * indicate termiation
codons.
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100 mutations

Sac Mva Sc2 Mth Tac Tce Hha

36.6% 37.4% 38.5%
M 1. Position

51.3% . 51.9% 58.9% 64.4%

[ 2. Position 3. Position

Fig.3. Codon position inequality with respect to GC content. The
abbreviations are the same as in Fig. 1. Se¢2 stands for the second-
largest subunit of RNAP II from S. cerevisiae. 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 1s 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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Mth Mth Mth Sac Hha
Mva Mva __E Mva Tac Tac
Hha Hha Hha Tce Mth
Tac Tac Tac Mth Mva
Tce Tce Tce Mva Tece
Sac Sac Sac Hha Sac
Sc2 Sc2 Sc2 Sc2 Sc2
Topology A Topology B Topology C Topology D Topology E
Mth Mth Hha Tce Mva
'_[E Mva Mva Tac ‘—EMth Sac
Hha Tac Mva Tac Hha
L Tac Hha Mth Mva Tac
Tce Tce Tce __.ESac Mth
Sac Sac Sac Hha Tce
Sc2 Sc2 Sc2 Sc2 Sc2
Topology F Topology G Topology H Topology Y Topology Z
Fig.4. Relevant branching topologies. Topologies A and B turned resents the branching pattern found by Woese and Olsen (1986) and

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 archacal 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-

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 7. 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
[1.1] 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
[1.3] Genetic code matrix 100 98 97 31 80 64 98 80 0 0
[1.4] 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 likelihood method 92 100 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 parsimony method 100 80 72 57 82 61 85 69 0 2
[6] Maximum likelihood 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

4 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

maximum parsimony methods and maximum likelihood
method yield only results not significantly worse than
the best score (Table 1).

Other Phylogenetic Reconstruction Methods

All phylogenetic reconstructions included in the deci-
sion matrix used the sequence alignment shown 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 corresponding alignment of nucleic acid se-
quences. Distance matrix trees calculated from pairs of
sequences aligned with PIRALIGN (George et al. 1986)
or from a mulfiple sequence alignment done with
CLUSTAL (Higgins and Sharp 1989) confirmed topol-
ogy A as the best branching pattern. Only reconstruc-
tion programs defining an optimality criterion as the ob-
jective function for evaluating an optimal branching



426

Fig. 5. Analysis of quartets. All
six possible quartets containing
one representative only of each of

g:ﬁ the four groups were evaluated and
Hha Tac Sc2 Tac Tac Hha added up for each of the two
methods. The elements of the table
>——< >—< >—< show the total counts {positions)
favoring the corresponding
ﬁ;’; gﬁ %g:l Hha ﬁg:z gffc branching pattern and in brackets
Sc2 Sc2 how often each of the three
Pattern A Pattern B Pattern G branching patterns is the favored
one. The abbreviations are the
Standard parsimony: 207 (3.5) 145 (0.5) 164 (0.0) same as in Figs. 2 and 4. The best
Evolutionary parsimony: 81(3.0 39 (1.0} 35 (2.0} 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 1991) 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 caleulation 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 7. 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
1987). 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.

yielded in all cases branching orders which differed
from topology A only in the location of the T. celer lin-
eage. Without the constraints of a molecular evolution-
ary clock the T. celer lineage is located between the lin-
eages of S. acidocaldarius and T. acidophilum.
Assuming an evolutionary clock T. celer was found
with equal probability at one of three locations: (1) Be-
tween the lineages of T. acidophilum and H. halobium,
(2) between the lineages of H. halobium and the com-
mon stem of the two methanogens, and (3) together
with the lineage of M. vannielii. The constraints of the
assumed evolutionary clock thus move the remarkably
short lineage of T. celer away from its position next to
the root of the Archaea up in the tree toward or even in-
to the M. vannielii lineage.

The best molecular clocks are those depending on nu-
cleotide positions least affected by regional or genom-
ic evolutionary changes in GC content (Zuckerkandl
1987). According to a proposal of E. Zuckerkand] the
best clocks should be obtained with sufficiently large
sets of second codon positions. The fraction comprising
the nucleotides found at the second codon positions of
our alignment represents one of these suitable data sets.
Phylogenetic reconstructions with the maximum likeli-
hood method for DNA sequences yield the same opti-
mal branching topology either with (Fig. 7) or without
(Fig. 6) the assumption of an evolutionary clock. This
allows a reasonably legitimate statistical test for the as-
sumption of a molecular clock (Felsenstein 1991). With
the program DNAML (not assuming a clock) the loga-
rithm of likelihood (—6,518.6) has been calculated by
taking all 11 branch lengths into consideration. With the
program DNAMIK (assuming a clock) the logarithm of
likelihood (—6,541.6) has been calculated considering
only six branching times (in effect six branch lengths).
The likelihood ratio test (Felsenstein 1991), which is in
fact a % test, is performed by comparing the double of
the difference between the estimated logarithms of like-
lihood from DNAML and DNAMLK (y2*) with a y?
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Fom———————— §. cerevisiage Pol2
! S, acidocaldarius
| I, T. celer

T. acidophilum

H. haloblum

M. vannielii

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
100 expected nucleotide substitutions. The broken lineage indicates
the outgroup.

M. thermoautotrophicum

distribution with 5 degrees of freedom® (Felsenstein
1991). Assuming a significance 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 of
the difference between the two logarithms of likelihood
(%*) is 46. The assumption of an evolutionary clock can
thus be rejected since the logarithm of likelihood is sig-
nificantly increased (y?+ > x?) by allowing all 11
branch lengths to be estimated instead of just six branch-
ing times. To summarize: This analysis demonstrates
clearly that the RNAP B subunit genes do not appear to
be diverging at a constant rate or with a constant clock
speed.

Bootstrap and Jackknife Confidence of the
Branching Topologies

The statistical confidence of the existence of sets of
species was tested with bootstrap and jackknife resam-
pling methods (Efron 1982) by the DNA and protein
parsimony, the DNA maximum likelihood, and the
DNA and protein distance matrix programs as described
in the PHYLIP package (Felsenstein 1991). The pro-
grams were used with 200 replications 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, (Mva, Mth, Tac) from
1 to 22, and (Mth, Hha) from 13 to 29. The calculation
of average bootstrap values from values found with dif-
ferent phylogenetic reconstruction methods is not a
commonly used method but the average values (given
in the last column) alleviate the potential artifacts of any
single reconstruction 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 (1-«; 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 1 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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Table 2.  Statistical testing of sets of species?
Amino acid
Topology DNA sequences sequences Average
bootstrap

Sets of species A B C D E F G Y Z [MP] [ML] [DM] [MP] [DM] value
(Mva, Mth, Hha, Tac, Tcey X X X X 85 81 91 98 99 90
(Mva, Mth, Hha, Tac) 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 5 3 4 29 40 16
(Mva, Mth, Tac) X 4 17 20 22 1 13
(Mth, Hha, Tac) X 19 4 1 8 1 6
(Tac, Tce) X 3 4 11 2 4 5
(Tac, Sac) X 5 7 4 2 0 3
(Mva, Hha, Tac) 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) 11 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 [ 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

2 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-

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 joining 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
potential preferences of any single reconstruction
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-

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.

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 composition (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 1986).

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-
Jolobus (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 topologies without a common stem 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 thermophilic 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 TRNAs:
1,417 positions (Garrett et al. 1991); EF-2: 840 positions
(Cammarano et al. 1992); 16S rRNAs: 830 positions
(Woese and Olsen 1986); EF-1a.:: 409 positions (Creti
et al. 1991)].

Sequences of RNAP components have one important
disadvantage 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



the nucleic acid sequences, allowing a more extensive
spectrum of reconstruction methods; (3) at the nu-
cleotide level the different features of the three codon
positions with respect to nucleotide composition and
evolutionary rate allow a restriction of phylogenetic re-
constructions on the fraction which minimizes the dan-
ger of branching-order artifacts.

Branching topologies derived from sequence analy-
sis have to be considered as hypotheses, which have to
be tested and either strengthened or rejected on the ba-
sis of other kinds of data (Jensen 1985). The subunit pat-
tern of archaeal RNAPs provides such a different kind
of data. A suitable description of the phylogeny of the
Archaea should localize the splitting event of the RNAP
component B at a single position within the phyloge-
netic tree. The favored branching topology A in this
study clearly pinpoints this characteristic event of the ar-
chaeal evolution.
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