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Abstract. The relative rates of change for eight sets oftance BC to determine the relative evolutionary rates of
ubiquitous proteins were determined by a test in whichA and B (Li 1997). The shortcoming of the test is that it
anciently duplicated paralogs are used to root the uniis not possible to make a judgment about the rate of
versal tree and distances are calculated between eachange leading to the outlier because the position of the
taxonomic group and the last common ancestor. The set®ot of such a tree is unknown.
included ATPase subunits, elongation factors, signal rec- This limitation has proven especially vexing in at-
ognition particle and its receptor, three sets of tRNAtempts to determine divergence times between eukary-
synthetases, transcarbamoylases, and an internal duplites and prokaryotes, and in some past studies similar
cation in carbamoyl phosphate synthase. In each cas@tes of change had to be assumed for the three urking-
phylogenetic trees were constructed and the distancefoms: Bacteria, Archaea, and Eukarya (Doolittle et al.
determined for all pairs. Taken over the period of time 1996: Feng et al. 1997). Attempts to determine rates of
since their last common ancestor, average evolutionar¥hange in various bacterial taxa have been reported in the
rates are remarkably similar for Bacteria and Eukaryapast, most often based on host—parasite relationships and/
but Archaea exhibit a significantly slower average rate.q, the timing of major ecological events. For example,
) . Ochman and Wilson (1987) used such methods to exam-
Key words:  Universal tree — Evolutionary rate — jne eyolutionary rates among bacterial lineages; indeed,
Paralogous rooting — Protein sequence evolution they found evidence for uniform substitution rates in
Eukarya and Bacteria. More recently, Ochman et al.
(1999) used the host—parasite method to establish recent
Introduction rates of 16S rRNA evolution in bacterial endosymbionts
of insects, in which case the bacterial divergence times
It is well known that different proteins change at differ- were correlated with the divergence times of their hosts
ent but characteristic rates (for example, Dickerson 197 linferred from the fossil record.
McLaughlin and Dayhoff 1972). Differences in rates  Following the leads of others who have used paralo-
along different evolutionary lineages can be assessed youys pairs of proteins to root the “universal tree” (Gogar-
the so-called relative-rate test (Sarich and Wilson 1973)ten et al. 1989; Iwabe et al. 1989), we have extended the
Thus, if sequences are available for three or more taxdaralogous approach to determining rates of change. This
(A, B, C, etc.), and C is more different from the other method employs paralogous proteins which were dupli-
sequences than they are from each other (i.e., C is thgated prior to the last universal common ancestor and
outlier), the distance AC can be compared with the dis\yhich have representatives in each of the three extant
urkingdoms. The proteins used were: ATPase subunit
(60kDa) andp (70kDa), signal recognition particle
Correspondence taRussell F. Doolittle (SRP) and its receptor (S elongation factors (EF)
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A 1 A2 ness and is intuitively useful as a first approximation of relative rates of
C 1 C 2 change.
B 1 B 2 Two different measures of evolutionary distance were employed.

The first of these depends on a simple Poisson relationship combined
with a substitution matrix which corrects for the nature of amino acid
exchanges (Feng et al. 1985). This method, which we will refer to as a
modified Poisson method, assigns a similarity score for each pair of

proteins based on an amino acid substitution table. The similarity score
_I I_ is then converted to a measure of evolutionary distance:

d= _In(S)bs_ S’anJSd - S’and) % 100 (Eq 1)

Fig. 1. Model for paralogous rooting method. A, B, and C represent in Which d is the evolutionary distance an8(s ~ SandSa ~ Sand IS

different taxa, and 1 and 2 paralogous sequences. The paralogs are tHe similarity score corrected for amino acid composition (Feng et al.

result of gene duplication prior to the last common ancestor of A, B,1985). The Blosum62 substitution table (Henikoff and Henikoff 1993)

and C. Sequence 2 is used as an outgroup to root the tree for sequent@s used as the scoring matrix.

1, and vice versa. Because the method described above does not adequately account
for varying evolutionary rates at different amino acid sites in a protein,
a second measurement of distance was employed which corrects for

. such variation. The method of Grishin (1995) corrects for both among-

1o/Tu and 2/G, tyrosine and tryptophan tRNA synthe-gjie variation and the nature of the amino acid interchange:

tases (TyrRS and TrpRS), valine and isoleucine tRNA

synthetases (ValRS and IleRS), threonine and serine q = In(1 + 2)y/2d Eq. 2)

tRNA synthetases (ThrRS and SerRS), N- and C-

terminal repeats of Carbamoyl phOSph.at.e Synthase (ncpv%ered is the measure of evolutionary distance apid the fraction of

and CCPS)! and aspartate and ornithine transcarbanﬁhchaﬂged residues (Grishin 1995). We will refer to this method as the

oylases (ATC and OTC). Grishin method. A comparison of these two methods by computer
In phylogenetic trees constructed with these proteirsimulation (Feng and Doolittle 1997) suggests that for very diverged

sets, each paralog serves as the outgroup with which tggauences the modified Poisson method tends to underestimate and the

root the other (Fig. 1). These outgroups enabled us té;rlshln distance to exaggerate the true distance.

calculate the distance to the LCA of each pair of urking-

doms, the values of which can be used in a relative rate The Relative Rate TesThe relative rates of change of protein

: ‘sequences can be estimated by calculating distances between the taxa
test to compare the pace of evolution for the three urk of interest and the last common ancestor (Sarich and Wilson 1973).

ingdoms S!nce th_e t'm.e of their divergence. We h"’We(:omparison of the distance from two taxa to their last common ances-
found that in the time since the LCA, Eukarya and Bac-tor can reveal differences in evolutionary rates along the lineages lead-

teria have changed with nearly identical average ratesng to these taxa. The TREE program automatically generates the dis-
Archaea, however, exhibit a reduced average rate of gdances between all sequence pairs; all that was needed was to average

them appropriately.
quence change. The relative rate test is designed to find the distance from the taxa

of interest to the last common ancestor according to the relationship:
Materials and Methods AL = (AO + AB - BO)/2 (Eq. 3)

Multiple Alignments and Phylogenetic Tre€gotein sequences were \yhere AO and BO are the average distances from two taxa to the
found by BLAST searching (Altschul et al. 1997) with a seed sequenceytgroup AB s the average distance between these two taxaAdris
for each data set (Table 1). The results were examined and sequencgs distance from taxa A to the LCA.
chosen for a broad representation of Archaea, Bacteria, and Eukarya. Average modified Poisson and Grishin method distances were com-
Multiple alignments were generated by the progressive method of Feng,“ed between each pair of urkingdoms and between each urkingdom
and Doolittle (1987) using all sequences from both paralogs (see Tablgnq the paralogous outgroup. This information was then used to deter-
1 for the number of sequences used in each alignment). Phylogenetigine distances to the LCA of each pair of urkingdoms, taken sepa-
trees based on these alignments were constructed by a Ieast—squar,g§e|y_ By considering distances for only two urkingdoms at a time, we
distance method with the program TREE (Feng and Doolittle 1996), asyyoid potential complications related to branching order of the urking-
well as by a character-based parsimony method with the programyoms. This was useful if only because it has been suggested that rooting
PAPA (Doolittle and Feng 1990). All multiple alignments and phylo- o universal trees by paralogous outgroups may suffer from “long-
genetic trees referred to in this paper are available by anonymous FTBranch attraction” (Phillipe and Forterre 1999).
at juno.ucsd.edu in the directory labeled rates. The significance of differences in rate was assessed with Student’s
t test (Triola 1997). For each pair of urkingdoms, the ratio of distance

Dist M P t identities (the fracti f identical to the LCA was calculated, as well as the megrafd sample standard
istance Measuremerfeercent identities (the fraction of identica deviation §) for all proteins compared. Thevalues were then calcu-

res_ldues n a_Ilgn_ment between two proteins) were ca_lculat_ed for EVeNated to determine whether the mean was significantly different from
pair of proteins in each data set. Average percent identity was then ...

unity:
determined between urkingdoms and between each urkingdom and the y
outgroup (Table 2). Although percent identity is only a crude inverse

measure of difference, it does offer a common perspective on related- t=|x- 1.0|/$/\/ﬁ) (Eq. 4)
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Table 1. Seed sequences used for database searches

# Sequences used in alignment
Residues used

Paralog Accession # Organism in alignment Archaea Bacteria Eukarya
ATPasea/60kDa P55987 Helicobacter pylori 147-347 5 5 5
ATPasep/70kDa P00824 Escherichia coli 125-325 4 5 5
SRx P51835 Bacillus subtilis 39-329 5 5 4
SRP P37105 B. subtilis 17-300 5 5 5
EF-1a/Tu P02990 E. coli entire sequence 5 6 5
EF-2/G P02996 E. coli 1-400 5 8 5
TyrRS P25151 B. subtilis 54-342 5 5 5
TrpRS P21656 B. subtilis 7-286 5 5 5
lleRS P00956 E. coli 94-606 6 9 6
ValRS P07118 E. coli 78-558 6 7 7
ThrRS P56071 H. pylori 214-498 4 6 4
SerRS P56458 H. pylori 141-415 3 6 6
nCPS AEO001514 H. pylori 11-333 3 8 9
cCPS AE001514 H. pylori 563-857 3 8 9
ATC Il P00479 E. coli entire sequence 5 7 6
OTCB P04391 E. coli entire sequence 5 7 7

@ Residue numbers for representative protein only. Other sequences in the alignments were manually trimmed to align with the given segment.

Table 2. Average percent identity within and across paralogous pairs

Average percent identity with outgrotip Average percent identity within lineades
Archaea Bacteria Eukarya AB BK AK

ATPasea/60kDa 28.2+2.1 26.1+1.6 27.3+1.7 324+1.6 33.8+1.9 67.1+1.9
ATPasep/70kDa 27.3+21 259+1.7 28.4+15 29.0+1.6 28.2+1.3 69.0+2.5
SRx 33.3x25 323+3.1 26.6 £2.3 40.4+4.2 295+1.6 37.2+23
SRP 31.1+4.3 32.1+£37 29.9+34 38.6+£29 33.2+2.2 445+25
EF-1a/Tu 255+2.2 249+2.1 25.8+1.6 40.8+3.9 37.0x1.9 53.3+3.3
EF-2/G 255+1.7 25.0+2.2 259+1.2 334+22 29.9+2.1 425+1.8
TyrRS 221+21 18.8+2.2 209+1.6 255+2.3 21.7+2.0 35.3+3.8
TrpRS 21.3+2.3 20.7+1.9 19.7+2.6 23.8+2.4 244+2.1 336+7.7
lleRS 28.0+4.0 26.7+3.6 252+21 39.8+3.2 322+1.3 37.3+1.7
ValRS 30.3+35 26.2+2.1 < 31.6+2.8 —< —

ThrRS 16.1+1.4 16.4+1.7 < 24.£1.6 —< —°

SerRS 16.9+1.6 16.6+15 16.4+1.6 41.3+3.5 38.3+3.3 45.0+2.4
nCPS — 33.6+3.6 32.3+3.2 Sl 48.3+3.4 -

cCPS - 355+2.7 30.2+1.7 4 422+15 -

ATC 28.6+£2.7 23.9+2.9 26.4+2.4 342+2.2 33.0+1.9 455+2.4
oTC —*° 257+25 255+2.9 < 37.2+35 —£

@ Calculated as the mean of pairwise identities between the specified lineage and the last common ancestor.

b Calculated as the mean of the pairwise identities between the designated urkingdoms within the same lineage.
¢ Measurements omitted from calculations due to eucaryotic acquisition of the mitochondrial sequence.

9 Measurements omitted from calculations due to unresolved archaeal phylogeny.

¢ Measurements omitted from calculations due to unresolved archaeal and bacterial phylogeny.

wheren is the number of protein sets compared. The level of confi- 2—5 Except where noted, the relationships among the
dence (based on one-t_ailed alpha value) was then determined for theth e urkingdoms are in agreement with those obtained
value and the appropriate degrees of freedam (). by character-based parsimony, as well as with results
from previously published analyses (ATPase subunits—
Gogarten et al. 1989; lwabe et al. 1989; elongation fac-
tors—Ilwabe et al. 1989; ValRS/lleRS—Brown and
Doolittle 1995; CPS—Lawson et al. 1996; TyrRS/
Phylogenetic Trees TrpRS—Brown et al. 1997; SRP/SR-Gribaldo and
Cammarano 1998; ATC/OTC—Labedan et al. 1999).
Phylogenetic trees constructed with the least-square¥he majority of the trees have a similar topology, with
modified Poisson distance method are presented in Fig@\rchaea and Eukarya as sister groups. For convenience,

Results
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Fig. 2. Phylogenetic trees constructed from two paralogous sets of sequences: signal recognition particle (SRP) and its rece(@pa(@R
elongation factors (EF-2/G and Ed&/Tu) (b). Trees were constructed using the least-squares distance method. The arrow indicates the branch
separating paralogs. See Table 3 for abbreviations.

this will be referred to as the standard topology. Thereof the mitochondrial gene into the eukaryotic host
were occasional anomalies that violated the standard tqgHashimoto et al. 1998). Accordingly, the eukaryotic se-
pology, mostly the result of apparent horizontal genequences of ValRS were not included in rate calculations.
transfer or organellar import. As detailed in the following Furthermore, theRickettsiaValRS sequence clustered
paragraphs, most of these were dispensed with by omitwithin the Archaea and was also removed from the cal-
ting the groups violating the standard topology from theculations.

calculations.
SerRS/ThrRS

Elongation Factors The SerRS sequences have the standard topology,
The phylogenetic tree of the elongation factors con-Whereas the ThrRS topology has Eukarya and Bacteria
formed to the “standard topology” with no exceptions clustered together (Fig. 3b). Like ValRS, eukaryotic

(Fig. 2a). ThrRS seems to be a case of organellar import (Doolittle
and Handy 1998) and was also omitted from rate calcu-
SRP/SR lations.

The phylogenetic tree of the SRP/&Rave the stan- ATC/OTC
dard topology for both paralogs (Fig. 2b). A similar SRP/ * 1p¢ tree constructed from the transcarbamoylase se-

SRu tree has been reported by others (Gribaldo andy,ences also has a few anomalies (Fig. 4a). Thus, the
Cammarano 1998). However, in the parsimony tree conpc sequences exhibit the “standard topology” with the
structed for SRP/S& (not shown) the SR part of the o cention of a group of-proteobacteria that cluster with
tree was unresolved for the deepest branching order. o Archaea. The situation suggests horizontal transfer,
and thevy-proteobacteria sequences were not used for
VaIRS/IIeRS _ ) rate calculations. The OTC sequences fall into three dis-
This tree had several anomalies (Fig. 3a). The lleRS;nct clusters: one entirely eukaryotic, one entirely bac-
sequences conformed to the “standard topology” with th&eyia| and a third that is a mixture of archaeal and bac-
exception of a small group of bacterial pathogens thateia| sequences. The latter, which may be the result of

clusters within the Eukarya. It has been postulated thagne or more horizontal transfer events, were omitted
these pathogens acquired the IleRS gene from a eukary;om gistance calculations, only the well-grouped eu-

otic host (Sassanfar et al. 1996), and those SequUencggyotic and bacterial lineages being used.
were therefore omitted from rate calculations. The

ValRS half of the tree has all of the eukaryotic sequencesiCPS/cCPS
very close to the bacterial sequences. Evidence has been The phylogenetic tree made from the N-terminal and
presented indicating that eukaryotic ValRS is an importC-terminal regions of carbamoyl phosphate synthase is
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Fig. 3. Phylogenetic trees constructed from two paralogous sets ofdistance method. Dotted lines indicate sequences omitted from rates
sequences: threonine and serine aminoacyl tRNA synthetases (ThrR&lculations. The arrow indicates the branch separating paralogs. See
and SerRSja) and valine and isoleucine aminoacyl tRNA synthetases Table 3 for abbreviations.

(ValRS and lleRS)b). Trees were constructed using the least-squares

a b L
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Fig. 4. Phylogenetic trees constructed from two paralogous sets of sequences: aspartate and ornithine transcarbamoylases (AT@)artOTC)
N- and C-terminal regions of carbamoyl phosphate synthase (nCPS and @}.PBges were constructed using the least-squares distance method.
Dotted lines indicate sequences omitted from rate calculations. The arrow indicates the branch separating paralogs. See Table 3 for abbreviations.

ambiguous with respect to the position of Archaea (Fig.study; now, however, newly available archaeal se-
4b). In a previous study of CPS phylogeny (Lawson et al.quences-Archaeoglobus, Methanococcuand Me-
1996), theSulfolobussequence—the only available ar- thonobacterium—are scattered among the bacterial
chaeal sequence at the time—was grouped with the ewgroup. Because of the disparate phylogenetic positions of
karyotic sequences in both the N- and C-terminal re-the archaeal sequences, none were used in the rate cal-
gions. This same topology was obtained in the presentulations.
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Fig. 5. Phylogenetic trees constructed from two paralogous sets of sequences: tyrosine and tryptophan aminoacyl tRNA synthetases (TyrRS and
TrpRS)(a) and ATPase subunits{60 kDa and3/70 kDa)(b). Trees were constructed using the least-squares distance method. The arrow indicates
the branch separating paralogs. See Table 3 for abbreviations.

TyrRS/TrpRS otic sequences having a lower percent identity than the
The TyrRS/TrpRS tree gives the standard topologyarchaeal or bacterial sequences, suggesting an increase in

for both paralogs with the single exception of tRgro-  evolutionary rate for the eukaryotic protein. As noted

coccusTrpRS sequence, which falls at the base of theabove, percent identity is only a rough guide to the extent

eukaryotic cluster (Fig. 5a). of divergence.
A graphic comparison of evolutionary rates was ob-
ATPase Subunits tained by plotting the distance between pairs of urking-

The tree of ATPase subunits (Fig. 5b), although con-doms and their LCA against each other (Fig. 6). If the
forming to the standard topology, is somewhat unusual irrates were identical for any pair of urkingdoms, that data
having very long internal branch lengths and very shortpoint would fall on the diagonal. When the modified
terminal branches. Taken at face value, the suggestion Boisson method was used, the data typically fell close to
for a very rapid rate of sequence change immediatelthe diagonal (Fig. 6a). When the Grishin method was
after the LCA, followed by dramatic and coincidental used, the deviation from perfectly equal rates was greater
slow-downs in the more recent past. Whatever the casgFig. 6b).
there should be no effect on the calculation of average Both methods indicate that, on average, Eukarya and
rate in the interval since the LCA, although we mustBacteria are changing with the same rate. In contrast,

remain cautious about the results in this case. Archaea are changing at about 90% the rate of Eukarya
and Bacteria when calculated with the modified Poisson,
Determination of Relative Rates and only 75-80% the rate of Bacteria and Eukarya when

calcuated with the Grishin method. As noted, the “modi-
The degree of divergence of Archaea, Bacteria, and Eufied Poisson” method tends to underestimate and the
karya from their paralogous outgroup was estimated foiGrishin method exaggerate extreme distances.
each data set in three different ways: average percent When the Grishin method is used, there are three
identity, average modified Poisson, and average Grishicases where a set of sequences in one urkingdom is
distance. The average percent identities between eadahanging at a much greater rate than another urkingdom.
urkingdom and the paralogous outgroup, as well as perin the most obvious case, eukaryotic &Bequences are
cent identities between the orthologs from each urking-changing at least twice as fast as bacterial and archaeal
dom, are presented in Table 2. For the most part, the dat8Rx sequences, as was apparent from comparisons of
do not suggest much difference in divergence among theercent identity alone. In a second case, the eukaryotic
three urkingdoms for a given protein. Of the 16 proteinsC-terminal region of CPS is changing at about three
studied, only in the case of SRJloes there appear to be times the rate of bacterial counterparts. In the third case,
a significant difference among the urkingdoms in thethe bacterial ATC sequences are changing at about three
average percent identity with the outgroup, the eukarytimes the rate of the Archaeal sequences. In the remain-
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Table 3. Abbreviations used in phylogenetic trees

Archaea

Aamb Acidianus ambivalens Saca Squalus acanthias
Aful Archaeoglobus fulgidus Scer Saccharomyces cerevisiae
Aper Aeropyrum pernix Spom Schizosaccharomyces pombe
Dmob Desulfurococcus mobilis Tcru Trypanosoma cruzi
Hhal Halobacterium halobium Tthe Tetrahymena thermophila
Hsal Halobacterium salinarium Zmay Zea mays
Hvol Haloferax volcanii
Mjan Methanococcus janaschii Bacteria
Mthe Methanobacterium thermoautotrophicum Aaeo Aquifex aeolicus
Paby Pyrococcus abyssi Bbur Borrelia burgdorferi
Pfur Pyrococcus furiosus Bsub Bacillus subtilis
Phor Pyrococcus horikoshii Cglu Cornybacterium glutamicum
Saci Sulfolobus acidocaldarius Cper Clostridium perfringens
Ssol Sulfolobus solfactaricus Ctra Chlamydia trachomatis
Ther Thermococcusp. Ecol Escherichia coli
Tzil Thermococcus zilligii Eher Erwinia herbicola

Hinf Haemophilus influenzae

Eukarya Hpyl Helicobacter pylori

Anig Aspergillus niger Lpla Lactobacillus plantarum
Atha Arabidopsis thaliana Mgen Mycoplasma genitalium
Btau Bos taurus Mpne Mycobacterium pneumoniae
Cele Caenorhabditis elegans Mtub Mycobacterium tuberculosis
Ddis Dictyostelium discoidium Ngon Neisseria gonorrhoeae
Dmel Drosophila melanogaster Paeu Pseudomonas aeruginosa
Ehis Entamoebae histolytica Pflu Pseudomonas fluorescens
Enid Emericella nidulans Rbla Rhodobacter blasticus
Frub Fugu rubripes Rpro Rickettsia prowazekii
Ggal Gallus gallus Saur Staphylococcus aureus
Gint Giardia intestinalis Smar Serratia marcescens
Hsap Homo sapiens Spne Streptococcus pneumoniae
Lmex Leishmania mexicana Styp Salmonella typhimurium
Maur Mesocricetus auratus Syne Synechocystis PCC6803
Mmus Mus musculus Taqu Thermus aquaticus
Ocun Oryctolagus cunniculus Tden Treponema denticola
Pcar Pneumocystis carinii Tmar Thermatoga maritima
Psat Pisum sativum Tvag Trichomonas vaginalis
Rcat Rana catesbeiana Vibr Vibrio sp. 1693
Rnor Rattus norvegicus Zmob Zymomonas mobilis

ing protein sets, there is a clear but lesser tendency fostudies aimed at establishing the “real tree of life.” Re-
archaeal sequences to be changing more slowly. cently, the paralogous method of rooting the universal
Student’st test provides confirmation that Archaea tree has been questioned. Brinkmann and Philippe (1999)
are changing more slowly than Eukarya or Bacteria. Theand Philippe and Forterre (1999) conducted a careful
test gives 90% confidence (modified Poisson method) oanalysis that employed many of the same protein sets
99% confidence (Grishin method) that the bacterial seused in our study and concluded that the tree of life has
quences have changed more rapidly than archaeal seeen misconstrued because bacterial sequences have
quences. Similarly, Studentgest gives 99% confidence peen changing much faster than archaeal and eukaryotic
(modified Poisson method) and 95% confidence (Grishinsequences. The kinship of the Archaea and Eukarya, they
method) that the eukaryotic sequences have changegel, is merely the result of “long branch attraction.” Our
faster than archaeal sequences. The slight differences bgssults challenge that conclusion; bacterial sequences are
tween eukaryotic and bacterial rates found with bothpgt changing faster than eukaryotic ones.
methods were not significantly different by this test. Beyond that, in recent years there has been an enor-
mous amount of controversial comment on the matter of
molecular clocks. Much of the dispute has centered
Discussion around differences in expectation and exactitude. No one
argues that protein sequence clocks always run at uni-
Knowing the relative rates of change of proteins from theform rates, and hardly anyone thinks that a single protein
three major groups of living organisms bears heavily onwill provide a reliable clock. But there is some basis for
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combining carefully considered groups of sequences and sequences and the construction of phylogenetic trees from them.
using them to determine divergence times. Common pit- Meth Enzymol 266:368-382

falls of the method include horizontal transfers (both™e"9 P-F: Doolittle RF (1997) Converting amino acid alignment scores
into measures of evolutionary time. J Mol Evol 44:361-370

individual and Organe”?'medlated_) a”q_ unsuspeCte(l’ieng D-F, Johnson MS, Doolittle RF (1985) Aligning amino acid se-
paralogy. If such anomalies can be identified and culled quences: comparison of commonly used methods. J Mol Evol 21:
from comparisons, then not unreasonable results can be 112-125

achieved. Feng D-F, Cho G, Doolittle RF (1997) Determining divergence times

In this regard we have been able to use paralogous with a protein clock: update and reevaluation. Proc Natl Acad Sci
' USA 94:13028-13033

outgroups to calculate the average distance to the LCA; - 1p “ibak H, Dittrich H, Taiz L, Bowman EJ, Bowman EJ,
for each pair of urkingdoms. For the protein sets studied, \anoison EJ, Poole RJ, Date T, Oshima T, Konishi J, Denda K,
bacterial and eukaryotic sequences have changed at vir- Yoshida M (1989) Evolution of vacuolar-ATPase: implications
tually the same average rate in the interval since their for the origin of eukarya. Proc Natl Acad Sci USA 86:6661-6665
LCA, but both groups have changed significantly fasterGribaIdo S, Cammargno P (1998) The root of the u_niversal tree of life
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