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“The credible is, by definition, what is believed already,
and there is no adventure of the mind there.”
Northrop Frye (74)

PREFACE

The recognition of archaebacteria as distinct life forms by
Woese and coworkers in 1977 (256) has been hailed as one of
the most significant developments in the history of microbiol-
ogy and has profoundly influenced thoughts on the evolution-
ary relationships among living organisms. The discovery of this
“third form of life” has led to the notion that prokaryotic cells
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are of two fundamentally different kinds, archaebacteria and
eubacteria, and that of these, the archaebacteria are the closest
relatives and direct ancestors of eukaryotic cells (Fig. 1a). The
discovery of archaebacteria was initially based mainly on the
16S rRNA (oligonucleotide) sequences and phylogeny. How-
ever, during the past 10 years, much new information on dif-
ferent gene sequences, including the entire genomes of several
prokaryotic and eukaryotic species, has accumulated (15, 26,
45, 66, 72, 73, 80, 119, 128, 138, 147, 215, 242). Based on these
data, it is now possible to critically evaluate whether the three-
domain proposal provides an accurate picture of the evolution-
ary relationship among living organisms or if a different type of
relationship is warranted. The results of studies reviewed here
indeed point to a very different evolutionary picture from the
currently widely accepted one. In this review I present evidence
based on molecular sequences that archaebacteria exhibit a
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FIG. 1. Evolutionary relationships among living organisms in the three-domain model of Woese et al. (258) (a) and as suggested here based on protein sequence
data and structural characteristics of organisms (b). In panel b, the solid arrows identify taxa that evolved from each other in the directions shown by accumulation of
mutations and the dotted lines denote symbiotic events that led to the acquisition of mitochondria and plastids. These latter events, which are common in both models,
are not shown in panel a. In panel b, the double-headed arrow between archaebacteria and gram-positive bacteria indicates the polyphyletic relationship between these
groups for several genes. The terms “monoderm” and “diderm” refer to prokaryotic cells that are bounded by only one membrane or two different (cytoplasmic and
outer) membranes, respectively. The dashed lines indicate the first fusion between an archaebacterium and a gram-negative bacterium that is postulated to have given
rise to the ancestral eukaryotic cell (102, 105). Abbreviations: CM, cytoplasmic membrane; CW, cell wall; OM, outer membrane, PE, periplasm.

close and specific relationship to gram-positive bacteria and
that the primary division within prokaryotes is not between
archaebacteria and eubacteria but, rather, between organisms
that have either a monoderm cell structure (i.e., prokaryotic
cells surrounded by a single membrane, which includes all
archaebacteria and gram-positive bacteria) or a diderm cell
structure (i.e., prokaryotic cells surrounded by an inner cyto-
plasmic membrane and an outer membrane, which includes all
true gram-negative bacteria) (Fig. 1b) (100). The sequence
data also strongly indicate that the ancestral eukaryotic cell is
not a direct descendant of the archaebacterial lineage but is a
chimera that resulted from a unique fusion event involving two
very different groups of prokaryotes—a thermoacidophillic ar-
chaebacterium (monoderm) and a gram-negative eubacterium
(diderm), followed by integration of their genomes. Thus, all
eukaryotic organisms, including the amitochondriate and
aplastidic cells, received and retained gene contributions from
both lineages.

CURRENT EVOLUTIONARY PERSPECTIVE

The quest for an understanding of the evolutionary relation-
ships between extant organisms has posed a major challenge to
biologists for centuries (23, 43, 159, 167). Since all living or-
ganisms are specifically related to each other by the presence
of numerous common (or related) biomolecules and follow a
similar complex strategy for growth and propagation, there is
now little doubt that they all evolved from a common (univer-
sal) ancestor (3, 228). However, discerning how different major
groups of organisms are related to each other and tracing their
evolution from the common ancestor remains controversial
and unresolved. After the invention of the microscope in the
17th century, studies on the morphological characteristics of
cells from extant organisms led to the identification of two

distinct types of cells (3), later termed prokaryotes and eu-
karyotes (34, 173), which could be readily distinguished. The
eukaryotic cells are distinguished from prokaryotes by a num-
ber of different characteristics including the presence of a
cytoskeleton, endomembrane system, etc. (3, 159). However,
the hallmark feature of all eukaryotic cells is the presence of a
membrane-bounded nucleus, and any organism lacking a nu-
clear membrane is considered a prokaryote (4, 34, 173). Eu-
karyotic organisms were classified into a number of different
groups or kingdoms, namely, Animalia, Plantae, Fungi, and
Protoctista, based on their detailed and complex morphologies
and with the aid of fossil records (164, 248). However, a similar
Linnaean approach to classification based on cell shape, phys-
iology, and other characteristics was unsuccessful in detecting
the phylogeny of prokaryotic organisms (23, 24, 121, 140, 194,
195, 227, 228, 230, 245, 250, 252, 254). The problem was partly
due to their very simple morphologies but was also due in large
part to the difficulty in determining which of the cellular fea-
tures and characteristics of prokaryotes is most meaningful for
taxonomic purposes.

Despite the ill-defined state of bacterial taxonomy, one em-
pirical criterion that has proven of much practical value in the
classification/identification of prokaryotes is their response to
the Gram stain (121), discovered by Christian Gram in 1884
(88). As has been noted by Murray, “Gram-positiveness and
Gram-negativeness are still unassailable characters except in
Archaebacteria, the radiation-resistant cocci and . . . the wall-
less mollicutes” (175). Gram staining involves successive treat-
ment of cells with the basic dye crystal violet followed by
treatment with iodine solution and then extraction with a polar
organic solvent such as alcohol or acetone. The cells which
resist decolorization and retain the blue-black dye complex are
referred to as gram positive, whereas those which do not retain
the stain are classified as Gram negative (12, 13, 88, 121). The



VoL. 62, 1998

Gram-staining response, although not always reliable due to its
dependence on cell physiology and cell integrity (11, 228), thus
divides prokaryotes into two main groups, the gram-positive
and the gram-negative (121, 228). Although the Gram reaction
is an empirical criterion, its basis lies in the marked differences
in the ultrastructure and chemical composition of the cell wall
(14, 192, 228, 229, 235). The Gram-positive bacteria in general
contain a thick cell wall (20 to 80 nm) that is very rich in
cross-linked peptidoglycan (accounting for between 40 and
90% of the dry weight) and also containing teichoic acids,
teichuronic acid, and polysaccharides (6, 14, 192, 229). Because
of their rigid cell walls, these bacteria have been named Fir-
micutes in Bergey’s Manual of Systematic Bacteriology (174); a
number of other bacteria which possess the above structural
characteristics but may show gram-variable (or gram-negative)
staining are also placed in the same group. In contrast, all
“true” gram-negative bacteria, named Gracilicutes in Bergey’s
Manual (174), have only a thin layer of peptidoglycan (2 to 3
nm) and have, in addition to the cytoplasmic membrane, an
outer membrane containing lipopolysaccharides, which lies
outside of the peptidoglycan layer. As noted by Triiper and
Schleifer (244) “A clear separation of the Gram-positive and
Gram-negative bacteria can be obtained by the differences in
the ultrastructure and chemical composition of the cell wall”.
In the present work, I have used the term “gram negative
bacteria” to describe prokaryotes whose envelopes contain a
cytoplasmic membrane, a murine cell wall, and an outer mem-
brane rather than by their Gram-staining response.

Based on the nature of the bounding layer of the cells, which
is reflected in the Gram-staining reaction, a major microbiol-
ogy textbook (228) suggested the division of prokaryotes into
three main groups: “The Mycoplasma which do not synthesize
a cell wall, the membrane serving as the outer bounding layer;
the Gram-positive bacteria, which synthesize a monolayered
cell wall; and the Gram-negative bacteria, which synthesize a
cell wall composed of at least two structurally distinct layers.”
Although they could not know the extent of the problem, many
earlier bacteriologists recognized the importance of cell struc-
ture and the bounding layer in the classification of prokaryotes:
“It is self evident that the shape of the cell is of outstanding
importance for determining the place of bacterium in any
phylogenetic system” (140). However, as noted in a leading
textbook, distinguishing between cells containing different
types of envelopes was not an easy task (228): “The Gram-
staining procedure is not always a wholly reliable method (and)
the differentiation of these two subgroups (i.e., Gram-positive
and Gram-negative) by other and more reliable methods is not
easy; it requires either electron microscopic examination of
wall structure in thin sections of the cells or chemical detection
of the group specific polymers.” In view of these difficulties, the
results obtained were often difficult to integrate into a coherent
scheme (24, 121, 174, 194, 195, 227, 228, 230, 245).

By the late 1950s and early 1960s, when microbiologists were
feeling increasingly frustrated in their attempts to understand
the natural relationship among prokaryotes, the era of molec-
ular biology dawned. With this came the important realization,
spelled out clearly by Zuckerkandl and Pauling (264), that the
linear sequences of bases and amino acids in nucleic acids and
proteins are informative documents containing a record of
organismal evolutionary history from the very beginning and
that in this regard the prokaryotic organisms are just as com-
plex and informative as any eukaryote (65, 264). Thus, a com-
parison of sequences of the same gene or protein from various
species could be used to deduce and reconstruct the evolution-
ary history of organisms. This marked the beginning of the field
of molecular evolution. The rationale for using molecular se-
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quence data to deduce the evolutionary relationship between
organisms is described in a number of excellent reviews (58, 60,
61, 64, 65, 178, 236) and is not covered here except for certain
relevant points.

The initial molecular approaches based on DNA base com-
position, nucleic acid hybridization, and immunological cross-
reactivities were of limited use and were generally successful in
establishing or rejecting relationships only among bacteria that
were thought to be closely related species (224, 226, 228). The
full impact of the molecular approach on evolutionary biology
did not become evident until Woese and coworkers (71, 250,
256) had completed systematic studies of a significant number
of living organisms based on the small-subunit rRNA se-
quences (SSU or 16S rRNA). The earlier studies in this regard
were based on comparison of the oligonucleotide catalogs of
the 16S rRNA, but these were later supplanted by phylogenetic
analysis based on complete sequences of the molecules. These
studies revealed that, based on genetic distances and signature
sequences in the 16S rRNA, various prokaryotic and eukary-
otic organisms fell into three distinct groups (71, 250, 256).
One group consisted of all eukaryotic organisms, the second
consisted of all commonly known bacteria (the term “eubac-
teria” was suggested for this group) including various genera of
gram-positive and gram-negative bacteria and cyanobacteria,
and the third group consisted of a number of previously little-
studied prokaryotes (methanogens, extreme thermoacidophiles,
and extreme halophiles) which grow in unusual habitats. Because
of their assumed antiquity, this last group of prokaryotes was
named “archaebacteria” (256).

In terms of their genetic distances (or similarity coefficients
from oligonucleotide catalogs) based on rRNA, the archaebac-
teria were no more closely related to the eubacteria than to the
eukaryotes. This observation, in conjunction with a number of
unique characteristics of archaebacteria (e.g., lack of muramic
acid in cell walls [127)] membrane lipids that contain ether-
linked isoprenoid side chains [127, 133)], distinctive RNA poly-
merase subunits structures [263], and lack of ribothymine in
the TWC loop of tRNA), led Woese and collaborators to
propose that the archaebacteria were totally distinct from
other bacteria and constituted one of the three aboriginal lines
of descent from the universal ancestor (71, 250, 256). The
prokaryotes thus consisted of two distinct and non-overlapping
(i.e., monophyletic) groups: eubacteria and archaebacteria,
which were no more specifically related to each other than
either was to the eukaryotes (250, 256). Since microbiology at
the time was lacking any formal basis for phylogeny, this pro-
posal, based on more defined and quantitative molecular char-
acteristics, was generally favorably received, and within a de-
cade most microbiology textbooks took notice of or were
revised in the light of these new findings (6, 8, 14, 121, 192,
229).

The archaebacterial proposal received a major boost in 1989
when the phylogenies based on a number of protein sequences
were added to the analysis, including those for the protein
synthesis elongation factors EF-1a/Tu and EF-2/G, RNA poly-
merase subunits II and III, and F- and V-type ATPases (82,
126, 196). These studies again supported the distinctness of
archaebacteria from eubacteria. Further, in contrast to the
rRNA phylogeny, where only an unrooted tree was possible for
archaebacteria, eubacteria, and eukaryotes, for the paralogous
pairs of protein sequences (namely, EF-Tu and EF-G; and F-
and V-ATPases) which appeared to be the results of ancient
gene duplication events in the common ancestor of all extant
life, it was possible to root the universal tree by using one set
of genes as an outgroup for the other (82, 126). These studies
indicated that the root of the universal tree lay between ar-
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chaebacteria and eubacteria, and in both cases the eukaryotes
were indicated as specific relatives of archaebacteria (82, 126).
In 1990, Woese et al. (258) adopted this rooting, and a formal
three-domain proposal for the classification of organisms was
put forward. The proposal assigned each of the three groups,
archaebacteria, eubacteria, and eukaryotes, a Domain status (a
new highest taxonomic level) and renamed them Archaea, Bac-
teria, and Eucarya. The name Archaea was specifically pro-
posed to indicate that this group of prokaryotes bear no spe-
cific relationship to the other prokaryotes (i.e., Bacteria or
eubacteria) (258). This rooted version of the universal tree
(Fig. 1a), commonly referred to as the archaebacterial or
three-domain tree, is now widely accepted as the current par-
adigm in the field (54, 91, 171, 187, 258).

But does this tree or view represent the true relationship
between the organisms? In recent years, much new informa-
tion based on a large number of gene and protein sequences,
including the complete genomes of several prokaryotic and
eukaryotic organisms, has become available (26, 45, 66, 72, 73,
80, 119, 128, 138, 147, 215, 242). Based on this information, it
is now possible to critically evaluate the three-domain proposal
and its various predictions and to determine if this view is
supported by all data or is true only for a subset of gene and
protein sequences. These studies should also indicate whether
a different sort of relationship between the organisms is more
consistent with most of the available data. Since most biologists
are not familiar with the assumptions and pitfalls of phyloge-
netic analyses, I will try to point out the strengths as well the
subjective and weak aspects of such analyses so that the read-
ers can understand and evaluate the results which form the
bases for any classification.

MOLECULAR PHYLOGENIES: ASSUMPTIONS,
LIMITATIONS, AND PITFALLS

The use of molecular sequences for phylogenetic studies is
based on the assumption that changes in gene sequences occur
randomly and in a time-dependent manner and that a certain
proportion of these become fixed in the molecules (58, 65, 136,
178, 236). The accumulation of changes in gene sequences in a
quasi clock-like manner has given rise to the concept of “evo-
lutionary clock” or molecular chronometer (136). Following
the clock analogy (252), just as different hands or features (e.g.,
the month, day, minute, and second) in a clock move at very
different rates, the changes in different gene sequences (or
sometimes within different parts of the same gene) also occur
at vastly different rates. Thus, some sequences which change
very slowly (like the year, month, or day) are well suited for
monitoring ancient events, while others, with a higher rate of
change (like the hour, minute, or second), provide the sensi-
tivity and resolution to measure relatively recent occurrences.
Since the evolutionary history of life on this planet spans a vast
period (approximately 3.8 Ga, 10° years), different sequences
have different utilities in evolutionary studies. In the present
context, where our main focus is on examining very ancient
evolutionary events (e.g., relationships within the higher pro-
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karyotic taxa and the origin of eukaryotic cells), the sequences
which change very slowly and hence show a high degree of
conservation in all extant organisms (i.e., the best-preserved
molecular fossils) are most useful.

Phylogenetic analysis can be carried out based on either
nucleic acid or protein sequences. For noncoding sequences
such as various rRNAs, tRNAs, and introns, phylogenetic anal-
ysis can be carried out based on only the nucleotide sequence
data. However, for gene sequences that encode proteins, anal-
yses can be performed based on either the nucleic acid or the
amino acid sequence data. For proteins, the two kinds of anal-
yses appear analogous at first. In fact, the analysis based on
nucleic acid sequences, with three times as many characters,
would seem to be more informative (181, 250). While this is
true in principle, for phylogenetic analyses involving distantly
related taxa the increased information content in nucleic acid
sequences as opposed to protein sequences is merely an illu-
sion and in most cases is a major liability. The main reason for
this lies in the degeneracy of the genetic code. All but two
amino acids (Met and Trp) are encoded by at least two codons
which differ in the third position. In view of this degeneracy,
most changes in the third codon positions are selectively neu-
tral (i.e., they do not result in any change in the protein se-
quence) and, as a consequence, change frequently even in
closely related species (58, 60, 136). In distantly related taxa,
which diverged from each other a long time ago, the bases at
the third codon positions may have changed so many times that
the actual bases found at these positions are random in nature
and their information content is virtually nil. The inclusion of
such bases in the analyses, therefore, would lead to uncertainty
at every third position, thereby reducing the signal (i.e., posi-
tions which are evolutionary important)-to-noise (i.e., posi-
tions or changes which provide no evolutionary information)
ratio in the data set.

Another important factor affecting the usefulness of nucleic
acid sequences compared to protein sequences relates to the
differences in the genomic G+C content of species (113, 231).
The G+C content of different species is known to differ greatly
(this is often true for two species within the same genus as
well), and it is generally homogenized over the entire genome.
In the protein-coding sequences, these differences in the G+C
contents are accommodated by selective changes (i.e., codon
preferences) in the third codon positions. The species which
are rich in G+C show a strong preference for codons that have
G or C in the third position (often >90%), whereas species
with low G+C content predominantly utilize the codons with
A or T in these positions. Thus, two unrelated species with
similar G+C contents (e.g., either very high or very low) may
have very similar bases in the third codon positions. If phylo-
genetic analysis is carried out based on nucleic acid sequences,
these species may show a strong affinity for each other but for
the wrong reason (113, 231). Thus, the third codon positions,
rather than being informative, can introduce major bias into
the analyses. For a similar reason but to a lesser extent, the
bases in the first codon positions are also evolutionarily less
informative and can cause reduced signal-to-noise ratio. Thus,

FIG. 2. Alignment of representative Hsp70 sequences from archaebacteria (A), gram-positive bacteria (G"), gram-negative bacteria (G ™), eukaryotic-organellar
(0), and eukaryotic nuclear-cytosolic (E) homologs. Small regions from the N- and C-terminal ends, which are not properly aligned in the global alignment of sequences
and hence are not included in phylogenetic analyses, are not shown. The dashes indicate identity to the residue in the top line. The accession numbers of the sequences
are shown. The boxed region shows the large insert in the N-terminal region present in all gram-negative bacteria and eukaryotic homologs. The solid lines above the
sequence alignment identify several highly conserved regions that have proven useful to design degenerate primers for cloning purposes (57, 76, 102, 103, 107). The
numbers at the beginning and at the end of the alignment denote the positions of the first and last amino acids included in individual protein sequences. The sequences
were aligned by using the CLUSTAL program from PC Gene software package (IntelliGenetics), and minor changes were made to correct any visible misalignments.

The abbreviations (m) and (chl) identify mitochondria and chloroplasts.
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Str.griseus = ----- T-WKID---KSFN-Q-M--F----L-R---S---EKVTD
Myc.tuberculosis ----- S-W-1-1--KK--APEI--R--M-L-R---A---ED-TD----T--~--- A --oceene- Q---LN-L-
M.capricolum -SK-- TTSK-N-E-KD-S---1--E--RYM-NY--AK--QKVT---=-------- A --K-=---- T---LQ---
E.coli --LI- [RRFQDEEVQRDVSIMPFKI IAADN G-AW--VK-QKMA-P-1--EV-L-M-KT--D~---EPVTE--=~-=------~ A ---------R-- -L--K-
Chl.trachomatis --FI-1-K-SE -ESEIKTV-Y-V APNSK G-AVFDVEQKL----EIG-Q--M-M-ET--A---ETVTE----------~ S --AS----- R---LD-K-
The.roseum --F--{---D-P----TIKLV-YQV RR-Q- GGVA-KMGERS---QEI~-~---- L-Q---A---ETVD-=-=~-=--~---- D-§ --N------R---L--R-
Syn.sp. PCC 7942 --FI-{--PDE -TNELTEVAY-VDTSGNA VKLDSSNA-KQFA--El--QV-R-LAE--SK---ETVTQ----------- § croemmmeesee- L--L-
D.proteolyticus --FI-|--WDE -KDEAARS--TVK EGPG GSVRI-V--KD-A-----~ EV-R-LVAN-SAK--QK-TD--===--=-~-~- DNS --E---Q--E---LN-L-
S.cerevisiae (m) --LI-|---E-A----- IKQV-Y-- VKHS- G-AW--AR-QT-S-A-1GGFV-N-M-ET--A---KPVKN--V----~=-- § =-cmcee-- Q-V-LN-L-
Mouse (m) --LI1-|--YD-P---K-TKNV---~- VR-S- G-AW--AH-KL-S-S-1G-FV-M-M-ET--N---HTAKN-----=----~-~ § -wemmmee- Q-S-LN-L-
Pea (m) --L1-]|---D-AQT-KEMKMV-Y-- VR-P- G-AW--AN-QQ-S-S-1G-FV-T-M-ET--A---KT-8---V----==--- A - R---LD-Q-
Po.ubilical(chl) --FI-|-KQNE ISQEIRQTSYNVKTSGSS IKIECPALNKDFA--EI--QV-R-LVE--ST---ETVIQ----------- § m-mrmesmeeme- LD-L-
Pa.lutherii(chl) --FI-|-PSKE -SDELRQT-Y--EDSEGK IRLKCPNLNKNFAA-EI--QV-R-LVN-~NK---EKV-~-~-=======-~ e L--L-
Human --LI-|-K-G-PV--S-MKHW--QVINDG DKP |KVQV-YKGETKAFY--EI-S-V-T-M-El--A---YPVIN---=-=----~-~ § =-e=cme-- V---LN-L-
S.cerevisiae SSA1 --LI-|-N-N-P---A-MKHF---LIDVD GKP|-IQVEFKGETKNF----1-S-V-G-M-ET--S---AKVND--V-------- § =-c--me-- T---LN-L-
Maize --L1-|---SSPA--SSMKLW-SRHLGLG DKP|MIVFNYKGEEKQFAA-EI[-S-V-1-M-EI--A---ST-KN--V-------- § -emsmmemen- V==-LN-M-
En.histolytica --LI-|---S-PAI-N-MKHWS--VIDDGHDKP |LIEVEYKGEVKKF---EI-S-V-T-M-ET--SFV-K-VKN----C-----~ §§u-m-mcn-- T---MN-M-
G.lamblia --LI-|---N-P---A-LKHFRSRSSCGPTRTP|-IQVVYKGETKTF---EI-S-V-T-M-D1-8D---NKVTE-IV------ S-A HGK--QN--T---LN-L-
Hal .marismortui IVNEPTAAAMAYGLDD ESDQTVLVYDLGGGTFDVSILDLGGG VYEVVATNGDNDLGGDDWDHAI IDYLADEFEAEHGIDLRDDRQALQRLTEAAEEA
Hal.cutirubrum  -------- §------ E DR--=-=---==ccccmccoooonom een A--mmmmmeeccmmmeee H---N--N------- E--mmmmmmoeom-
Th.acidophilum -]-------L---V-KS  GKSEKI--F------L--T-M-F-DA -FQ-LS-S--TR---T-M-E--VN-1--D-QKKE-----K--S-YI--RD---K-
Met.thermoauto. [REEEEEE SL----- KE DE-MVIM-F------L--T-MEF--- «F--RS-$--TQ---T-M-N--MN---E--KM-T----ME-D--V---R----K-
Meth.mazei “l------ SL----- KG DI--KJ-=======-c----=-- E---- -F--KS-S--TN-=---~ F-QRV----LA--KKSE----SK-KAV----KD---K-
Clo.perfringens -I------ SL----- KM  D-AHKI-=----~--ccc-ccoc-- D- -F---8----AR----- F-QR----1-ED-KG-N-----Q-KM----- K-GRaK-
Bac.subtilis -l------ PL-=--~ KT  DE---I-L----=----==--- E--D- -F--RS-A---R-----F-QV---H-VS--KK-N-V--SK-KM----- KD---K-
Str.griseus = --------- L-===- K DD --I~-F-=-=------ L-EI-D- -V--Ke-=--- H=====-- QRVV---VKQ-ANG--V--SK-KM---=~- R----K-
Myc.tuberculosis --------- PG----KG -KE-RI-=-F=-==cc===--- L-EI-E- -V--R--S§---H-------QRVV-W-V-K-KGTS----TK-KM-M---R----K-
M.capricolum -l--ee--- L==--- KQ DKEE-l--------====--- Al---§ FD-1--S-N-K----NF-EE--KW-LGKIK--YN---SKEKM----~ KDE--K-
E.coli -l------- L-s==- KG  TGNR-IA---<-=----- 1--1EIDEVDGEKTF--L=--=--- TH---E-F-SRL-N--VE--KKDQ----- N-PL-M---K----K-
Chl.trachomatis -Ip--=---- L---I-K -G-KKIA-F-=---=--~ 1---EI-D- -F--LS----TH-=---~ F-GV--NWML- - -KKQE- - - - SK-NM~- - - -~ KD---K-
The.roseum -[-----8§-L-----K KGRGEGG-=-==-=--~ Y-1----1SE- -FQ-L----YTHTPLVHF-Q----LALH--KR-T-----Q--1 V---K----K-
Syn.sp. PCC 7942 -1------- L----- K K-NERI--FN==-=-=-=-- V-EV-D- =F--L--8--TH----~ F-KK-V-F--G--QKNE----~ K-K=====eomo-- K-
D.proteolyticus VI------- L----ER KG-E-1--F-=-===--=-T--E--D~ -F--KS-S--TS---A-F-QR-V-W--E--NK--NF---K-K---=---]----K-
S.cerevisiae (m) V-------- L----EK SDSKV-A-F---==--- I1----IDN- ~F--KS----TH---E-F-IYLLREIVSR-KT-T----EN--M-1--IR----K-
Mouse (m) Vl-~r---- L----- K SE-KVIA--===-==--~ I---ElQK- -F--K$----TF---E-F-Q-LLRHIVK--KR-T-V--TK-NM----VR----K-L
Pea (m) bl R Rl LS--NNN KEG LIA-F--=--r~==--=- EISN- -F--K--~--TF---E-F-N-LL-F-VS--KRTES---AK-KL---~-- R----K-
Po.ubilical(chl) -1------ SLs----K QNNE-I=--F~-==----==-- EV-D- -F--1S-S--TH-=---- F-QQ-VEW-IKD-KQSE----GK-~---~----~ S-K-
Pa.lutherii¢chl) -1------ SL----- K KDNE-]-~F~-=========- EV-D- ~F--LS-8--TR-=---~ F-EK-VKW-LN---K-EKFS-KG-§--=~====-==-~ K-
Human bl S bbb [----- RTG KGERN--1F----=------- TIDD- IF--K--A--TH---E-F-NRLVNHFVE- -KRK-KK- ISQNKR-VR--RT-C-R~
S.cerevisiae SSA1 -[------- I----- KKG KEEH --IF----==~---- L-FIED- 1F--K--A--TH---E-F-NRLVNHFIQ--KRKNKK--STNQR--R--RT-C-R-
Maize -l------- I----- KKATSSGEKN--1F-====----~ L-TIEE- 1F--K--A--TH---E-F~NRMVNHFVQ--KRKNKK- ISGNPR--R--RT-C-R~-
En.histolytica =[------- I----- KKS DDEKN--If---=---=<-- L-AIDD- -F--K-S---TH---E-F-NRLVNHFIA--KRKYKK- ISGNAR-VR--RT-C-R-
G.lamblia -l------- I----- KSTS KKERNI-IF--===c=--~ L-TVDPSSG -F--K--A--TH---E-F-SRVVN-FIA--KKK--K-ISGSNR-MR--RT-C---
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KIELSSRKETR1 NLPFIATTDDG PLDLEQKITRAKFE SLTEDLIERTLGPTEQALADADYTKSDIDEVILVGGSTRMPQVADQVEEMTG QEPKRTSNPO
---------- TV -==-VTA-=§= ~VH==-D-==-T-= -[-=--==-VosccoceE--GLS=-~=-De----nc-eesemf=mDLV- -==-KNV---
----- TTLS-D- D--Y-TV-NS- -KHIKMTL----L- E-YSPIV--VK--I1DK-~EG-KLK-TE-TKLLF---P--1-Y-RKY-~DYL-IKS-EGGVD-M
----- TILT-EV ---Y-TVAQ-- -KH-IKT-----L- E-VDPIVQKCA--M----R--GM-RE-V-KI-=--=-P----1--KF--OFI- KPVE-GID-M
----- GVAN-N- ---~LTVGT-~ E-KHMDIDL---Q-Q KM----L-K--VSMRR--S--KL-PN-L-K=~+-~~A-=--A-VEL--NF-- KK-YKNI---
------ STQ-L- -----TADAT- ~-KHIDMTL-----N E--H--V---INIMKE--KSGNVSLN---K--==-----1-A-~EA-KNF-- K--SKGV---
-KD--GVTS-Q- §----TAGEA- --H--VSLS----D E-SAG-V---MA-VR---K--GLSA-EL-K--------~ 1-A---AIKKE-- -D-HKGV---
------ ST--T- ---Y-TASAE- --H-DE-L--$Q-Q Q--A--LD-CKT-FHNVIK--GIQL-E--H-V-=---=---A-AEL-K-L--G--ANKGV---
------ SQS-S- ---Y-TVDA-K N--F-DEQL---E-Q RI-Q--LD--RK-FQSVI--TGISV-E--H-V-=====---A-T-L-K-L--GK--NKGV--~
--N---QL-VE- ----=-- MNES- -ISFATTL--SE-N KI-KH-VDL-1Q-VKD--SA-KK-P-E-N--L--=----1-A--EL-KSLLN K--N-SI---
------ AQQ-DV ---Y-TADAT- -KHMNI-V----L- --V---VN-SIE-LKV--Q--GLSV----D------Q----M--KK-A-FF- K--RKDV---
----- GVSS-E- -Q---TIDAN- -KH-ALTL---Q-- H-ASS-----KQ-CA---K--KLSA----D-L----MS---A--AV-K-IF- K--NKGV---
------ VQQ-E- -----TADAT- -KH-TV-L---RLGAE-VA--V-K-IP-M--~-K--GLSPR-V---V----Q-=---L1-RK-Q-FF- K--HKGI---
------ ATQ-E- -----TA-Q-- =-KH-DLTL------ E-AS---D-CRI-V---IK--KLAL-E---1V-------]-A--AI-KQ--~ K--NQSV---
----- NAS--S- §----TFDPETRT--H--RTLS----- E--A--LK-VRQ-V---MR=-GVSS--LN---~--=-==]-A-KRI-KDL-~ K--NESV---
------ TVS-E- -----TADAS- -KHINM-FS--Q-~ T--AP-VK--VD-VKK--K--GLST---§--L----MS---K-VET-KSLF- KD-SKAV---
-C----SVQ-D- ---YLTMDAS- -KH-NM-L---Q-- GIVT---K--IA-COK-MQ--EVS--=-G-----=-- M----K--QT-QDLF- RA-SKAV---
------ TSQ-E- -----SADAS- AKH-NITL--S--- A-VNN-----KA-CKSC-K--NISIK-V---L--=-M--V-K--QV-S-1F- KS-SKGV---
----- NLTQ-E- -----TA-@-- =-KH==KTV----- E-CSR--DKCSI-VNN--K--KLEA-§----V--=----1-AI-QM-KRLI- KD-NQSV---
------ LSQ-E-[-----TANEN- AKHI-KTL-GE--- --CS--FD-CRI-V-N--K--KLKPNQ-=---V-=----~T-A-KKL-KDIL- K--NE-V---
-RT---STGASL EI  DSLFE GI-FYTS----R-- E-CS--FRS--E-V-K--R--KLD-AQ-HDLV--~~--- 1-K- -KLLQDFFNGRDLNKSI - -
-RT---SAQ-SV EI  DSLFE GI-FYTS----R-- E-CA--FRS--D-V-KV-R--KLD--QV-=V-+----- 1-K--KL-TDYENGK--N-SI---
-RT---TAQ-T- EI.  DSLFE GI-FTPRSS--R-- E-NM--FRKCME-V-KC-R--KMD--SVHD-V-------1-K-~QL QDFFNGK-LCKSI---
-RT---AATAN- EV  DQLFD GI-FYTS----R-- E-NI--FKS-I--V-RV-Q--KLD-GS--D-V-1--=---1-K-VQLLQDFFNGK--NKSI--~
-RT---SQQAS- EI  ESLFE GI-FFTN------- D-CI--FRKC-D-VDRV-R-SKLG-N-VHDIV-- -~~~ 1-K--GMLRDFFSGR-LSKNV- - -
EAVALGAAIGAGVLSG DVDDIVLLDVTPLSLGVEVKGGLFERL IDKNTTIPTEESKI FTTAGDNQTQVQIRVFQGEREIAEENELLGRFALSGIPP
-------- V-Gooeoe E------V------e=]ensnzamnomcEeo-p---TA=-V----A--==§-=------D---RS--K---D-1-T----
T GA--K- EIK--=---=-- VT-§--TL-~IATPI-PA-----VRK-Q---~-E-M--T-T-H-V----PL-KD-VS--M-N-T--A-
-C--M-=----G---A- EIK-L-----=--=-- I-TL--V-TK--ER------ RK-Q-=-§=-A-=~-§-D-H-L----PM-AD-TS--~-Q-V----
Rt GA--G- E-K-VL---=~-- T--1-TL--1ATP--QR-- -~~~ KK-Q--§--A---PS-E-H-L----G-R§--KT--~-1-D----
~C-aMenomeoens T- -=K-VL-----=- T--1-TL--VATP--ER- - ---ARK-Q-LS--A-=--§-E-H-V- -~ -QM-AD-KT- - -T----A-
Yeeeeane- G---T- G ASDEEEEEEE 1-TM--V-TK--ER------ SK-QV-S--A-S--A-D-H-L----PMSAD-KT----Q-TD- -~
-V--[--SL----- K- E-K-VL---=-=--- 1-T---IMTK--ER------ KR-E-- -~ E---PS---Q-Y------- AY-KK--M-E-T-L-~
N N S E-K-VL--n=--==-- 1-T---VMT---ER------ KR-ET----D---P§---Q-Y--====- AH-K---§-E-T----
-V--M---V-G---A- E-Toeloosmovenas 1-TM--VMTK--ER- - - - -AKRTQ--§--T---PA-D-N-L- - - -AM-AD-KS--Q-Q-T--Q-
--eele-eV-G---T- -K-VL==ooenno- 1-TM--VMTT--A------- KH-QV-S--E---SA-T-H-L----KR-AD-KS--Q-N-D--N-
-V--essn-Ge--G- E-K-VL-==-T----~ 1-TL--VMTP-VER-=- -~~~ QKKQ--S§--A-=-PA-T-V-L----PM-KD-KEI---D-TD- - -
S A- E-KEVL------~ T-AL-TL--VATPI-PR------ RK-Q-=-=-==§===---E-H-V-~~-PM-AD-KT----1-D----
“V--[-s-eeGe--A E-K--Losn=mmmoenne TL--VMTK--PR- -~~~ KK~ET-S--A-G--N-E-H-L-----M-SD-KS--T-R-D----
-=-G----V---110Q- SN-LG-=--V---meTomcmmoe MIAPM-TR--AV-AKKTE-Y~ - -EN- -PG-E-N-L----PM-AD-KS- - - -K-E-~-~
----l---V-GA---- E-T-VL---e-=-=nn 1-TL--V-T---PR------ KK-Q@--§--AAG--§-E--=------- LVRD-K-1-N-T-A----
S REEt G---A- --T-VLe-eo-oeee- T-TL--V-TK--NR-= -~ KK-QV-S--A-G----E-K-C-----M-GD-K---Q-T-I----
-<--M---L-G-1-R- --KELL--=---===-- 1-TL-~1-T---SR------ KK-QV-§--A-=~=-~G-K-L---=--M-AD-KS--E-D-V----
R o E-K--L---en-onemos TL--VMTKI-PR------ KK-EV-S--V---PN-E-Q-L-----LTKD-KS--T-R-D--M-
R E-K--L--omnmmcenon TL--VTTKI-PR---V--KK-E-=-§~-V~--PN-E-H-L-----F-RD-KS--T-R-D- L~
---GY---V--AI-M-  DKSEN-@-LL----A-----L-TA--VMTA--KR-S----KQTQ- - --YS---PG-L-Q-YE- - -AMTKD-N----- E------
----Y---V--AI-T-  DESSKTQ-LL----A----- 1-TA--VMTK--PR-S--§-KKFE--§-YA---PG-L-Q--E- - -AKTKD-N- - -K-E-- - -~
=-=-Y---V--Al---  EGNERS -LL----=----- L-TA--VMTV--PR------ KKEQV-S-YS- - ~PG-L-Q-YE---ARTKD-N- - -K-E------
-ee-Y---V--AI-T~  TGGKATE-VL--~-A--T--I-TA--VMTA--PR-S---AKK-QV-S-YA---PG-L-Q--E--ASMINHCN- - -K-E-T----
-==-Y--8V--AL--SYKDQAGSGAIN--L-=-------- 1-TS-TNMTT--PR---V-VSRKET- - ~YA----T-T--1-E---PLTKD-N---T-D-G-- -~
APAGTPQIEVSFNIDENGIVNVEAED KGSGNKEDITIEGGAG LSDDQIEEMOQEAEQHAEEDEQRRDG]EARNEAEASVRRAETLLDE (525)
-----D-=--T-E--ADRV------- Q---QR-§------=- ---- E-D---ED--A<-=-=---- RR-----=-= 7G1Q---S--E- (524)
--R-V=-=-=---T-DMHS---L--T-V- -AT-K-QG---TASTK --KEE--R-KK----Y--Q-RKAKEQ--LL-N--SLAYSV-KS-KH (529)
--R-V-====T-D--A-=-L-~5-K- L-T-KEQA---TAPNK --EEE-KQKIE--KK-----RRKQEE--1I--N-DSMIYT--KT--- (534)
--R-1--===T-D~=A---LH-$-K- L-T-KQQS-S-QKPG- ----E--R-VKD--M-----RK-KEEV-1--N---LINA--KTIK- (526)
--R-I--==-A-D-=A=~--K-$-T- -AT-KEAN---TASTN ---AE-DKAVK----F----KK-KEA--VK-N--QT-YQT-KT-N- (524)
--R-V-===-=-D--K---==-R-K- L-TNKEQA---KSST- ----E-DR-VK---EN-DA-K--KEEV-L----DAL-FTT-KT-KD (522)
--R-V-==---A-D--A---MH-A-K- L-T-KEQKM-VT--SS -PK-EVNR-RE---KY----HA--EAA-S--QG-QL-YQT-KF-KD (523)
--R-1-====T-D--A-==~H-T-K- --T-KENT-R-QE-S- --KED-DR-IKD--A-----RK--EEADV--Q--TL-YQT-KFVK- (526)
--R=1---=-T-E--A----§-§-K- -NTNEEKT---SNSGN --EAEV-R-IK--QEN-AN--AKKKN--LK-K--NYINII--S-LQ (524)
--R-M---=-T-D--AD--LH-S-K- -N--KEQK---KASS- -NE-E-QK-VRD--AN--A-RKFEELVQT--QGDHLLHSTRKQVE- (552)
--R-K====-T-D--A---LH-S-K- AA--REQK-R--ASS- -KE-E-QQ-IRD--L-K---K-~KEASDVK---DGMIF---KAVKD (550)
--R-V-K---T-D--A---LT-$-R- LAT-REQK---TAST- -TEEE-QR-1R---E-----RAK-EA-DV--Q---LLYQ--KT-N- (546)
--R-V--===]-D-~A=--L--T-K- ----KEQS-S-T-AST ---NEVDR-VKD--AN-AA-KE--ER-DLK-G-DTL-YQS-KQ-S- (546)
M---Q@-----T-D~-A---L--T-KE -TT-KESS----NTTT -DKSDV-R-VK----N--A-KA-KERV-K--ALDGMRVQ-  -QQ (534)
-~K-V---=-T-D--AD--1--§-R- -ATNKDSS--VA-SS- --ENE--Q-VND--KFKSQ--A-KQA- - TA-K-DQLANDT-NS-K- (575)
--R-V--==-T§D--A----H-§-K- --G REQQ-V-0SSG- --K-D--N-VKN--KY----RRKKERV- -V-M--GITHDT - -KME- (598)
--R-L-===-T-D--A----T-§-K- -ST-KEQQ---RSSG- ----E-DK-VK---L--QR-QE-KAL-DI--S-DT-1YSI-KS-A- (596)
--R-V-===-T-D--A---L§-K-KE -AT-KEQS---S-AST -PK-DV-R-VK---ENFDV-QK--KN-D1--Q--SLCY@S-KQVK- (545)
--R-1-----T-D--A---L§-T-Q- --TSKQQS---S-AST -PKEEV-K-VK----N-AA-KEKGEN-RVK- - -DLYCYQ--KQIS- (547)
- =V-----T-D--A---L--T-T- -ST-KANK---TNDK-R--KEE--R-V----KYKA- --VQ-ERVS-K-AL-SYAFNMKSAVED (554)
~-R-V-=--==T-DV-§---L--§-VE --T-KSNK---TNDK-R--KED--K-VA---KFK- - - -KESQR-ASK-QL-SIAYSLKNTIS- (552)
--R-V-==T-T-D--V-N-L--8--- -TT-Q-NK---TNDK-R--KEE--K-V----KYKA- - -EVKKKVD -K-AL-NYAYNMRNT IKD (557)
--R-V-====T-D--A~=-L--§--- -TT-K-NK---TNDK-R--KE- -DK-VA- --KFKA- -DKMKQRV- -K-KL-NFCYSVKNT-§- (559)
--R-=-K---TYDVSAD-VLT-T-K-LG-T--SKQLS-NQN-NR - -QEE -DR-VKD- -RF-K- - -KI -E-QK~ - - -L-SL- FSVKST- G- (564)

FIG. 2—Continued.
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in the phylogenetic analyses of distantly related taxa with vary-
ing G+C contents, the larger number of characters in the
nucleic acid sequences does not offer any real advantage, and
if the bases at the third codon positions (and often those at the
first positions as well) are not excluded from the analyses,
misleading results could be obtained. In view of these consid-
erations, for the protein-coding regions, the amino acid se-
quences, which are minimally affected by the differences in the
G+C contents of the species, have proven more reliable and
are the preferred choice for phylogenetic analyses (111, 113,
231).

In contrast to the protein-coding regions, where the codon
degeneracy provides a natural mechanism for accommodating
changes caused by G+C drifts, the effect of varying G+C
compositions on structural nucleic acid sequences such as
rRNA or tRNA remains largely undetermined. Thus, when
comparing sequences from different species with varying G+C
compositions, it is difficult to distinguish between the changes
that are due to G+C drift (evolutionarily not significant) from
those that are evolutionarily important. Thus, in any analyses
based on structural nucleic acid sequences, the signal-to-noise
ratio is inherently low. The effect that this will have on phylo-
genetic reconstruction cannot be easily determined or cor-
rected, but this is a major and continuing source of concern in
phylogenetic studies based on structural nucleic acids such as
the 16S rRNA. As pointed out by Woese (251), “The problem
(of) disparity in base composition is far more troublesome than
is generally recognized and has almost received no attention to
date. . .. It is important to understand the extent to which the
general pattern reflects rRNA compositional disparity rather
than the true phylogeny.”

Another major problem in phylogenetic analyses is the reli-
ability of the sequence alignment. The alignment of homolo-
gous positions in a set of sequences is the starting point in
phylogenetic analyses from which all inferences are derived.
Hence, the importance of having a reliable alignment for phy-
logenetic studies cannot be overemphasized. Most sequence
alignment programs work by recognizing local similarity in
different parts of molecules and then creating an alignment of
all positions which maximizes the number of matches between
the sequences, keeping the number of gaps introduced to a
minimum (117). Although the alignhment programs work sim-
ilarly for both nucleic acid and protein sequences, there are
important differences. In nucleic acid sequences there are only
four characters, and hence the number of matches between any
two sequences (unrelated) is expected to be a minimum of
25%; with the introduction of a small number of gaps, it is
commonly in the range of 40 to 50%. In view of this, the
probability of chance alignment of nonhomologous regions in
two sequences is quite high, particularly if the sequences being
compared are of different lengths and have either unusually
high or low G+C contents. In contrast, in proteins each char-
acter has 20 states, which greatly reduces the probability of
chance alignment between nonhomologous regions. There are
no standard criteria for a good alignment, but it is generally
assessed empirically by means of visual inspection. If the set of
sequences contains highly conserved regions dispersed
throughout the alignment, the proper alignment of such re-
gions in all sequences is indicative of a good alignment. How-
ever, for sequences which do not contain many such regions, it
is often difficult to get a reliable alignment for phylogenetic
studies. Very often, differences in sequence alignment, the
regions included in the phylogenetic analyses, or even the
order in which the sequences are added in an alignment (151)
could lead to important differences in the inferences drawn
(42, 112).
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Most extensive phylogenetic studies of living organisms have
been carried out based on the SSU rRNA sequences (8, 77, 86,
149, 152, 224), which have been called the “ultimate molecular
chronometers” by Woese (250). However, the alignment of
rRNA sequences from various prokaryotic and eukaryotic spe-
cies presents unique problems. In view of the large differences
in the lengths of prokaryotic (=~1,500 nucleotides) and eukary-
otic (~2,000 nt) SSU rRNAs (mitochondrial SSU rRNA from
some species is only 612 bp long [89]) and the wide variations
in the G+C contents of species, a reliable alignment of rRNA
sequences from distantly related taxa cannot easily be obtained
based on the primary sequence data alone. The approach
taken to get around this problem is to rely on the secondary-
structure models of rRNA, based on the assumption that the
secondary structure of the rRNA is highly conserved and pro-
vides a reliable guide for identification of homologous posi-
tions (252, 257, 259). Based on this, portions of the folded
molecules (i.e., particular loops or stems) that are postulated
to be similar in different sequences are aligned and used for
phylogenetic studies.

The use of secondary-structure models for identification and
alignment of homologous positions in the SSU rRNA is a very
serious and far-reaching assumption. From an energetic point
of view, the SSU rRNA can assume many different but equally
likely secondary structures (259). While the proposed struc-
tures of rRNAs are supported by enzymatic digestion and
chemical modification studies of some species (257, 259), their
validity in distantly related prokaryotic and eukaryotic taxa is
far from established. The effect that these far-reaching as-
sumptions, on which all rRNA alignments are based (8, 33,
181, 184, 189, 224, 251), will have on the deduced phylogenetic
relationships remains to be determined. However, it is clear
that these assumptions have the potential to profoundly influ-
ence the outcome of any analyses (111).

In contrast to the rRNA sequence alignment, alignment of
amino acid sequences of a highly conserved protein such as the
70-kDa heat shock chaperone protein (Hsp70) requires mini-
mal or no assumptions. Because of the similar size of this
protein in various prokaryotic and eukaryotic species (includ-
ing organellar homologs) and its high degree of sequence con-
servation, a good alignment of the sequences from various
species is readily obtained by using any common sequence
alignment program (117) or even manually by placing the se-
quences next to each other. Figure 2 shows an alignment of 25
Hsp70 sequences covering the prokaryotic and eukaryotic
spectrum as well as organellar homologs. The alignment shown
was obtained with the CLUSTAL program from the PCGENE
software, and only minor corrections to it have been made
manually. The large number of identical and conserved resi-
dues present throughout the length of this alignment gives
confidence that the observed alignment is reliable. The global
alignment of Hsp70 sequences shows many regions that are
nearly completely conserved in all species. Degenerate primers
based on these sequences have been successfully used to clone
the gene encoding Hsp70 from a wide range of prokaryotic and
eukaryotic organisms (56, 57, 76, 102, 103, 107, 108).

Once a (reliable!) sequence alignment has been obtained,
three main types of methods are used for phylogenetic recon-
struction: those based on maximum parsimony (58, 64), those
based on pairwise genetic distances between the species (65,
207), and the maximum-likelihood method (58, 137). These
methods interpret the sequence alignment in different ways,
and therefore the results obtained from them often differ (110,
238). All these methods, as well as the others (e.g., evolution-
ary parsimony [152]), can give rise to incorrect relationships
under different conditions. Five main factors affecting the out-
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come of these analyses are (i) an underestimation of the num-
ber of genetic changes between the species (often multiple
changes in a position are counted as either one or no change);
(ii) the long-branch-length effect, where two distantly related
taxa may appear more closely related than they truly are if
there are no intermediate taxa to break the long branches (62);
(iii) large differences in the evolutionary rates among different
species in the data set; (iv) horizontal or lateral gene transfers
between the species (236a); and (v) comparison of paralogous
sequences which are the results of unidentified ancient gene
duplication events (62, 110, 152, 233, 238). In most cases, it is
difficult to ascertain the effects of different factors and to de-
termine which phylogenetic method is more suitable or reli-
able. Hence, phylogenetic analyses are generally carried out by
different methods to see if all the methods give similar results.

The reliability of phylogenetic relationships inferred from
the above methods is commonly assessed by performing a
bootstrap test (59). In this test, the aligned sequences are
sampled randomly and certain numbers of columns in the
original alignment are replaced with columns from elsewhere
in the sequences to obtain 100 or more different alignments,
each containing the same number of columns. Thus, in a given
bootstrap set, some columns will not be included at all, others
will be included once, and still others will be repeated two or
more times. Phylogenetic analysis is then performed on each of
the bootstrap replicates, and a consensus tree from this data is
drawn. The main purpose that bootstrap analyses serve is to
provide a measure of the variability of the phylogenetic esti-
mate or confidence levels in the observed evolutionary rela-
tionships. If the sample data throughout the sequence length
support a particular relationship, this will be reflected in the
grouping of the species in all (or a vast majority) of the boot-
straps. The results of these analyses are presented by placing
bootstrap scores (indicated by the percentages or the number
of times that different species group together in bootstrap
trees) on different nodes in the tree. Bootstrap values of >80
to 85% are generally considered to provide good support for a
specific phylogenetic relationship.

Despite due care in the alignment and analyses of the se-
quence data, interpretation of the phylogenetic trees that are
obtained is not straightforward. The most common problem in
this regard is that phylogenetic trees based on different genes
or proteins may differ from each other in terms of the evolu-
tionary information that they provide. Based on the clock anal-
ogy discussed above, some genes are better suited to resolve
certain relationships than are others. Thus, while a particular
relationship may be clearly resolved and strongly supported by
one gene phylogeny, the same relationship may not be obvious
from a different gene phylogeny. Such results are generally
regarded as controversial by many scientists, including evolu-
tionary biologists (49, 53, 69, 70), but it is important to realize
that they are not. Part of the problem in the interpretation of
new data stems from the commonly held perception that phy-
logenetic trees based on just one or two molecules (e.g., 16S
rRNA) can clearly establish the evolutionary relationships be-
tween all extant species (181, 184, 188, 202, 224, 250-252). This
means that any results that do not concur with the 16S rRNA
phylogenies are generally considered deviant and suspicious
(69). However, such a notion is clearly erroneous, in view of
the limitations of the rRNA-based phylogenies noted above
and the inability of the 16S rRNA trees to resolve the branch-
ing orders of the deeply lying taxa within eubacteria: “(In the
16S rRNA phylogeny) the majority of the bacterial phyla arise
in such a tight radiation that their exact order of branching has
yet to be resolved” (252).

Cognizant of these problems, many scientists working in this
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area have urged caution in the interpretation of phylogenetic
data. Woese wrote (252): “The scientifically proper stance for
the microbiologists to take at this juncture will be to treat these
phylogenies (bacterial) as hypotheses, and test them using
other molecules, phenotypic characteristics of the organisms,
and so on. When the same or very similar relationships are
given by different molecular systems or when new phenotypic
similarities consistent with the projected phylogenies turn up,
then that phylogeny can be confidently accepted”; Rothschild
et al. wrote (202): “We encourage phylogenetic analyses where
molecular approaches are evaluated in the light of other avail-
able data, and where the strengths as well as subjective and
weak aspects of the analyses are made explicit”; and Murray et
al. stated (177): “The integrated use of phylogenetic and phe-
notypic characteristics, called polyphasic taxonomy (38), is nec-
essary for the delineation of taxa at all levels from Kingdom to
genus”. I do not think any evolutionary scientist will disagree
with the above statements or suggested approaches.

It is clear from the above discussion that the results of
phylogenetic analyses should not be uncritically accepted but
instead should be evaluated in the light of other available data,
including data from morphological, geological, and fossil
sources. There is also a pressing need to develop additional
sequence-based criteria for determining the evolutionary rela-
tionships among species, which are based on minimal assump-
tions and which could be readily understood and interpreted by
both specialists and nonspecialists. In the next few sections, I
present evidence that conserved inserts or deletions restricted
to specific taxa (170), which are referred to as signature se-
quences in the present work, provide such criteria.

SEQUENCE SIGNATURES AND THEIR IMPORTANCE
IN EVOLUTIONARY STUDIES

Signature sequences in proteins could be defined as regions
in the alignments where a specific change is observed in the
primary structure of a protein in all members of one or more
taxa but not in the other taxa (99, 107, 198). The changes in the
sequence could be either the presence of particular amino acid
substitutions or specific deletions or insertions (i.e., indels). In
all cases, the signatures must be flanked by regions that are
conserved in all the sequences under consideration. These
conserved regions serve as anchors to ensure that the observed
signature is not an artifact resulting from improper alignment
or from sequencing errors. Although changes of various kinds
can serve as sequence signatures (56, 99), in the analyses pre-
sented here I have mainly considered only signatures involving
indels. My reason for focusing on indels is that I think they are
less likely to result from independent mutational events occur-
ring over a long period (see below), compared with change in
nucleotides and hence amino acids. Since this review is the first
detailed attempt to use conserved indels as phylogenetic mark-
ers to discern the course of evolutionary history, a discussion of
the rationale for such studies as well as their limitations and
pitfalls is provided.

The rationale of using conserved indels in evolutionary stud-
ies could briefly be described as follows. When a conserved
indel of defined length and sequence, and flanked by conserved
regions (which ensure that the observed changes are not due to
improper alignment or sequencing errors), is found at precisely
the same position in homologs from different species, the sim-
plest and most parsimonious explanation for this observation is
that the indel was introduced only once during the course of
evolution and then passed on to all descendants. This is a
minimal assumption implicit in most evolutionary analyses.
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Thus, based on the presence or absence of a signature se-
quence, the species containing or lacking the signature can be
divided into two distinct groups, which bear a specific evolu-
tionary relationship to each other. A well-defined indel in a
gene or protein also provides a very useful milestone for evo-
lutionary events, since all species emerging from the ancestral
cell in which the indel was first introduced are expected to
contain the indel whereas all species that existed before this
event or which did not evolve from this ancestor will lack the
indel. Further, if specific indels could be identified in proteins
that coincide with or were introduced at critical branch points
during the course of evolution, such signatures could serve as
important phylogenetic markers for distinguishing among ma-
jor groups of organisms.

In using conserved indels as phylogenetic markers, two po-
tentially serious problems that could affect the interpretation
of any data should be kept in mind. First, there is the possibility
that the observed indel was introduced on multiple occasions
in different species due to similar functional constraints and
selection pressure rather than being derived from a common
ancestor. Second, lateral gene transfer between species could
also readily account for the presence of shared sequence fea-
tures in particular groups of organisms. While a definitive
resolution of the question whether a given sequence signature
is due to common ancestry or results from these two causes is
difficult in most cases, important insights concerning the sig-
nificance of such data are often provided by consideration of
information from other sources.

The most important and relevant information bearing on
this issue is provided by consideration of cell structure and
physiology. In this context, it should be emphasized that the
aim of phylogenetic analysis is to explain and reconstruct the
evolutionary history of organisms. Hence, the structural and
physiological characteristics of organisms are of central impor-
tance, and they should be the ultimate arbiter in determining
the significance of such data. Without this context, phyloge-
netic analysis of sequence data could become an end in itself,
bearing little relation to the organisms. Therefore, if the infer-
ence derived from a given signature sequence or phylogenetic
analysis is consistent with an important structural (e.g., cell
envelope structure) or physiological attribute of the organisms,
it is likely that we are on the right track, and it gives confidence
in the correctness of the inference. On the other hand, if the
inferences based on signature sequences and phylogenetic
analyses are at a variance with important structural and
physiological characteristics, one should ask questions about
why it is so rather than distrusting or ignoring these char-
acteristics.

Another useful criterion in assessing whether a given signa-
ture is of evolutionary significance is provided by its species
distribution. If a given sequence signature is present in all
known members of a given taxa, it is more probable that it was
introduced only once in a common ancestor of the group and
then passed on to all descendants. In such cases, phylogenies
based on other gene sequences are also expected to be gener-
ally consistent with and support the inference drawn from the
signature. In contrast, when a shared indel is present either in
only certain members of particular taxa or when species con-
taining the signature show no obvious structural or physiolog-
ical relationship, the possibility that the observed signature is a
result of independent evolutionary events or horizontal gene
transfers becomes more likely. In our analysis, we have come
across several examples of signature sequences which provide
evidence of lateral gene transfers between species (unpub-
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lished results). Such signatures are of limited use in deducing
phylogenetic analysis and, except for a few, will not be de-
scribed here.

The presence of well-defined signature sequences in pro-
teins should allow one to establish evolutionary relationships
among species by means of molecular cladistic analysis. This
approach, although not generally applicable to all proteins
(because most proteins do not contain useful sequence signa-
tures), has certain advantages over traditional phylogenetic
analyses based on the gene or protein sequences. First, in
traditional phylogenetic analysis, the evolutionary relation-
ships among different species are determined based upon the
assumption of a constancy of evolutionary rate in all species
(58, 60, 65, 136). Since this assumption is rarely correct over
long periods (84), the differences in evolutionary rates could
lead to incorrect species relationships. However, the signature
sequences, such as conserved indels of defined sizes, should
not be greatly affected by the differences in evolutionary rates.
The proteins which are greatly affected by the differences in
evolutionary rates are unlikely to contain well-defined indels in
conserved regions and hence will be excluded from consider-
ation. A second common and serious source of problems in
phylogenetic analysis involves sequencing errors, and anyone
involved in DNA sequencing should be familiar with this. For
example, sequence compressions which are not satisfactorily
resolved are a common occurrence, particularly in G+C-rich
sequences. The errors introduced in reading such regions
could lead to either localized (from base and amino acid sub-
stitutions) or extended (from frameshifts) changes in the gene
or protein sequences. In one study, the error frequency in
DNA sequences in the databases has been estimated at 3.55%
(146), although other estimates indicate it to be much lower
(145). An additional but related problem involves the increas-
ing number of sequences in the databases which have been
obtained by PCR amplification and sequenced by automated
means. The higher rates of sequence errors and contamination
in such sequences should be a cause of concern. These factors
could affect the branching orders of species in phylogenetic
trees. However, it is highly unlikely that a sequencing error
could give rise to an indel of a defined length and sequence at
a precise position within a conserved region. A signature of
even one amino acid involves the addition or deletion of three
nucleotides in the DNA sequence at a precise position and
hence is highly significant. Third, a very common problem in
evolutionary analyses (discussed in the previous section) is that
the phylogenetic trees based on certain genes (or proteins)
may fail to resolve the branching orders (e.g., low bootstrap
scores for the nodes) for particular groups of species and hence
the results of these studies will be indeterminate; i.e., they
neither support nor refute a particular relationship (21, 85).
However, this is not a problem in the case of signature se-
quences, where the relationship is assessed based on the pres-
ence or absence of a given signature and thus its interpretation
is unambiguous. One expects that the relationship indicated by
signature sequences should generally be consistent with and
supported by the phylogenetic analysis based on other gene or
protein sequences. However, the analyses based on signature
sequences are limited in one sense: whereas a phylogenetic
tree provides information about evolutionary interrelation-
ships among all species in a tree, a given signature sequence is
limited to distinguishing and establishing the evolutionary re-
lationship between the two groups of species, i.e., those con-
taining and those lacking the signature.
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ROOT OF THE PROKARYOTIC TREE: ANCESTRAL
NATURE OF ARCHAEBACTERIA AND
GRAM-POSITIVE BACTERIA

To fully understand and correctly interpret the implications
of a given sequence signature, a reference point is required.
When an indel is present in one group of species and absent
from others, it is difficult to say a priori which of these groups
is ancestral and which is derived. While this problem cannot be
resolved in most cases, one instance where valuable additional
information helpful in resolving this question is available cor-
responds to a signature identified in the Hsp70 family of pro-
teins. Hsp70 homologs from different gram-negative bacteria
contain a conserved insert of 21 to 23 amino acids which is not
present in any homolog from gram-positive bacteria or archae-
bacteria (Fig. 3) (103, 107, 108). This sequence signature could
result either from a deletion in the common ancestor of all
archaebacteria and gram-positive bacteria or from an insertion
in the common ancestor of all gram-negative bacteria. De-
pending upon which of these scenarios is correct, one of these
groups of prokaryotes becomes ancestral and the other be-
comes derived. Resolution of this question is provided by a
number of different observations.

First, based on the duplicated gene sequences for EF-1a/Tu
and EF-2/G proteins, where one set of sequences could be
used to root the other tree, the roots of both EF-1a/Tu and
EF-2/G trees have been shown to lie between the archaebac-
terial lineage and the eubacterial species Thermotoga maritima
(7,21, 112). A tree for EF-10/Tu sequences, which was rooted
by using EF-2/G, is shown in Fig. 4. As seen in this figure, the
root of the tree lies in between archaebacteria and eubacteria
and the deepest branches within eubacteria consist of 7. ma-
ritima and other gram-positive bacteria. A similar rooting of
the universal tree in between archaebacteria and 7. maritima
has been independently made based on trees constructed from
homologous isoleucine-, leucine-, and valine-tRNA synthetase
sequences (20). Although the species T. maritima has been
assumed to be a gram-negative bacterium in the past (184, 250,
251, 258), recent studies based on several proteins provide
evidence that it should in fact be grouped with gram-positive
bacteria (22). This inference is supported by signature se-
quences in Hsp70 (Fig. 3) and a number of other proteins (see
“Evolutionary relationships among prokaryotes”), where T.
maritima behaves similarly to various gram-positive bacteria
and differently from different gram-negative bacteria. Phyloge-
netic analyses based on a number of proteins, i.e., Rec A (55,
131, 247) and sigma factor 70 (39), also provide evidence of a
grouping of 7. maritima with gram-positive bacteria. Most im-
portantly, Cavalier-Smith (31) has pointed out that 7. mari-
tima, similar to other gram-positive bacteria, is bounded by
only a single unit lipid membrane, which I consider to be the
main defining characteristic of gram-positive bacteria. In view
of these observations, the results of the above rootings indicate
that the root of the prokaryotes lies between archaebacteria
and gram-positive bacteria.

A second independent line of evidence supporting the an-
cestral nature of the clade consisting of archaebacteria and
gram-positive bacteria is provided by a comparison of se-
quences for the Hsp70 and the MreB families of proteins. We
have previously shown that MreB protein, which is about half
the length of Hsp70 (about 340 amino acids [aa], with respect
to 600 to 650 a.a. for Hsp70) and is present in all major groups
of prokaryotes (archaebacteria, gram-positive bacteria, and
gram-negative bacteria), shows significant similarity to the N-
terminal half of Hsp70 sequences (107), where the large indel
in the Hsp70 homologs is present. The three-dimensional
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structures of the MreB protein and the N-terminal half of
Hsp70 are also very similar (18, 65a), supporting the view that
these proteins have evolved from a common ancestor (18).
Since both Hsp70 and MreB proteins are found in all main
groups of prokaryotes, they very probably evolved by an an-
cient gene duplication in the universal ancestor, before Hsp70
acquired the C-terminal domain (104, 107). In view of this, we
expect that if the above indel in Hsp70 is an insert in gram-
negative bacteria, the MreB protein sequences should not pos-
sess it. On the other hand, if the homologs containing the
insert are ancestral, this insert should also be found in the
MreB sequences. A comparison of MreB and Hsp70 sequences
from the major group of prokaryotes (Fig. 5) shows that, sim-
ilar to the Hsp70 from archaebacteria and gram-positive bac-
teria, this insert is not present in any of the MreB sequences,
including those from gram-negative bacteria. (It should be
mentioned that since MreB and Hsp70 are very distant ho-
mologs, the sequence similarity between these proteins is lim-
ited. However, despite this fact, the inference that MreB pro-
tein does not contain the insert is quite apparent.) This
observation provides strong independent evidence that the
prokaryotic organisms lacking the insert (i.e., archaebacteria
and gram-positive bacteria) are ancestral and that this insert
was introduced into Hsp70 in a common ancestor of the gram-
negative bacteria (104, 107). I will refer to this insert, which is
a distinguishing feature of gram-negative bacteria and eu-
karyotes, as the diderm insert, signifying its point of evolution-
ary origin.

Lastly, the view that archaebacteria and gram-positive bac-
teria are ancestral lineages is also consistent with the available
evidence concerning the planet’s early environment. Based on
Earth’s geological history, the conditions under which the ear-
liest organisms evolved were hot and anaerobic (Fig. 6). The
widespread prevalence of the ability to exist under these con-
ditions in various archaebacteria and gram-positive bacteria
(67, 186, 232, 250) is consistent with the view that these groups
are ancestral. Based on the above pieces of evidence, all of
which lead to a similar inference, I am going to assume that the
rooting of the prokaryotic tree between (or within) archaebac-
teria and gram-positive bacteria is correct, and I will examine
whether this rooting can explain other observations and phy-
logenies.

The root provides an important reference point for evolu-
tionary studies. By using this reference point, it should now be
possible to understand and interpret signature sequences in
different proteins to piece together the evolutionary relation-
ship and history of the other groups of prokaryotes. In the
following sections, I describe signature sequences in different
groups of species and my interpretation of them based on the
above rooting. Since a great deal of work that follows is based
on signature sequences that are reported for the first time, it is
appropriate to describe the approach taken to identify the
signature sequences. The signature sequences in a number of
proteins such as Hsp70 and Hsp60 were empirically discovered
(96, 104, 107, 108). However, the complete genomes of several
gram-positive bacteria (Mycoplasma genitalium [73], Myco-
plasma pneumoniae [119], and Bacillus subtilis [147], gram-
negative bacteria (Haemophilus influenzae [66], Escherichia coli
[15], Synechococcus sp. strain PCC 6803 [128], Helicobacter
pylori [242], Borrelia burgdorferi [72], and Aquifex aeolicus [45]),
and archaebacteria (Methanococcus jannaschii [26], Meth-
anobacterium thermoautotrophicum [215], and Archaeoglobus
fulgidus [138]) have recently been reported. In view of this, to
search for signature sequences in different proteins, a system-
atic approach was used. For these purposes, we performed a
BLAST search (5) on each of the unique proteins identified in
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— Th. acidophilum
Hal. marismortui
Hal. cutirubrum
Meth. mazei

Met. thermoauto.
Strep. pyogenes
Strep. agalactiae
Strep. pneumoniae
Strep. mutans

Myc. leprae

Myc. paratuber.
Myc. tuberculosis
str. coelicolor
Str. griseus

Bac. subtilis

Bac. megaterium
Bac. stearotherm.
Ery. rhusiopathiae
Meg. elsdenii

M. pneumoniae

M. capricolum

M. genitalium
Clo. acetobutyl.
Clo. perfringens
L. lactis

Sta. aureus

T. maritima

— E. coli

H. actinomycet.
H. influenzae

F. tularensis
Sat. typhimurium
Nit. europaea
Rhodopseudomonas
Rho. capsulatus
Brad. japonicum
Pse. cepacia

R. meliloti

A. tumefaciens
C. crescentus

B. ovis

Myxo. xanthus
Hel. pylori

The. roseum
Cyto. aquatilis
Fl. ferrugineum
Bor. burgdorferi
Chi. trachomatis
Chi. pneumoniae
Syn. sp. PCC7942 (1)
Syn. sp. PCC7942 (2)
Sy. sp. PCC6803 (1)
Sy. sp. PCC6803 (2)
Aph. halophytica
Anabaena variabilis
Aqu. aeolicus

D. proteolyticus

L Ther. aquaticus

(:;-+

Monoderm Prokaryotes

—

sp.

Diderm Prokaryotes

GB/L35529
SP/Q01100
GB/L35530
SP/P27094
2622398
1750267
1750261
1750264
2145133
SP/P19993
GB/X58406
GB/Q00488
GB/014499
SP/P17820
GB/U39711
GB/D30690
1568474
GB/L08201
Unpubl .
1674090
GB/U51235
1361531
SP/P30721
SP/P26823
GB/M98865
GB/X75428
Unpubl .
SP/P044LTS
1169375
1542849
1352284
1389758
2094746
2058265
1373328
1769954
GB/L36603
GB/L36602
SP/P20442
GB/M95799
1027504
1805284
2072520
1813674
Unpubl .
Unpubl .
SP/P28608
sP/P17821
SP/P27542
GB/D29668
GB/D28551
GB/M57518
1001148
2804276
2073390
2983493
1813672
GB/Y07826
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----VEIEG-D
--H-VEAEG-Q
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NG-AWVE-HG-K
NG-AWVEIRG-G
GA CAIEISG-I
NGGVAV-MGERS
QQYSTVDIDGRL
NNTVRIDIDGRL
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FTPQQISAFILOKI
Y--E-V--M---=-
Y--EE---R-----
Y---E---M----L
LR -SECTLEER
Y---E---M---YL
Y---E---M---YL
Y---E---M---YL
Y---E---M---YL
Y-A-E---RV-M-L
Y-A-E---RV-M-L
Y-APE- - -R--M-L
-N------- V---L
“N---M---oee- L
Y---EV--I--- HL

Y---E---M----L
GSTKEL--Q--SYL
YS-E----E--RYM
LS-E-V--Q--SYL

Y---E---M---eL
LS--E---M----L
Y---E---M---NL
Y---E---M---NL
Y---E------ K-L
MA-P----EV-L-M
LA-P----EV-K-M
LA-P----EV-K-M
MA-P-V--EV-R-M
MA-P-- - -EV-K-N
IA-PEV--QV-1-M
YS-§-V--nomon M
-S-A-V--V----M
YS-§-V------- M

MA-P-V--EAVR-M

- YS-§----M----M

Y§-§--=-M-=--M

YS-PEV--1V-M-M
Y---E---K--M-L
Y---E---M----L
Y-A-EL--MT---M
Y---E---MV---M

NG-ARVNISNIKKQMS-PE---AT-T-M

KG-AV-D-EQ-L
KG-AV-E-DG-@Q

Y--EE-G-Q--M-M
Y--EE-G-Q--M-M

EGNVRIVCPQLSRE-A-EEVA-M--R-L
GNAV-LDSSNAGKQ-A-EE---QV-R-L
NGNV-LDCPAQGKQ-A-EE---QV-R-L

DDTVSVSIRGQS
DKTVDV-CWG-Q
VGNI-VARLN--
KG-AA-DIPG-L
GGSVRIE-DG-D
DGGVRVE-KG-L

Y---E---M----L
Y---EL--M---TL
-AAEE- - -MV-K-L
VR-EEVG-HV-R-L
YA-E-V--KL-R-L
Y--EE---M--R-L

FIG. 3. Signature sequence in Hsp70 proteins showing a specific relationship between archaebacteria (A) and gram-positive bacteria (G*) (both monoderm
prokaryotes) and the distinctness of gram-negative bacteria (G ™) (diderm prokaryotes). The large indel common in all gram-negative bacteria (referred to as the diderm
insert) but absent in all monoderm prokaryotes is boxed. In the top diagram, @ denotes the root of the prokaryotic tree as inferred in the text. The thick arrow indicates

the probable stage where this signature was introduced. The dashes in all sequence alignments show identity to the amino acids in the top line.
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86 ——— E.coli ]
74 87 —— Pse.cepacia
Nei.gonorrohoeae
35 |
Ri.prowazekii
42 100 —— Syn.PCC 7942
' G
L sy. pcc 6803
30 99 [— Ther.acqgaticus (Dlderms)
l— Deinonema .
sp
99 —— Bact.fragilis
55 45
—1 ———I— Tax.ocellatus
Chlo.vibrioforme _|]
59 -
99 —— Myc. tuberculosis
|
100 L Mi.luteus G +
M.genitalium (Monoderms)
T.maritima _
100 —— Des.mobilis
44
— r————i—- Sul.acidocaldarius
42 ‘ Th.acidophilum
100 —— Me. jannaschii A
100 35 Me.vanielli
(Monoderms)
100 —— Py.woesei
Thermo. celer
Hal.halobium i

FIG. 4. A rooted neighbor-joining tree of prokaryotic organisms based on EF-1a/Tu sequences. The tree was rooted by using aligned EF-2/G sequences, which are
derived from an ancient gene duplication in the common ancestor of prokaryotes (126). The tree shown is a neighbor-joining consensus tree obtained after 100
bootstraps. The bootstrap scores for various nodes are shown. The tree reveals that the root of the prokaryotes lies in between two groups of monoderm prokaryotes.
A, G*, and G~ refer to archaebacteria, gram-positive bacteria, and gram-negative bacteria, respectively.

the genomes of M. genitalium, H. influenzae, and M. jannaschii.
The BLAST program compares a given query sequence against
all other proteins and nucleic acid sequences in the databases
(with the nucleic acid sequences translated in different possible
frames) to identify related proteins and present them in the
order from highest to lowest similarity scores. For many pro-
teins, too few high-scoring sequences, which are suggestive of
true homologs, were available to be useful for evolutionary
studies. These proteins were not further considered at this
stage. However, for proteins for which sufficient high-scoring
sequences were identified from the major groups of pro-
karyotes, the sequences for various homologs were retrieved
and a multiple sequence alignment was created with the
CLUSTAL program (117). The sequence alignments were in-
spected visually for signature sequences (indels) that were
shared by all members from particular taxa of prokaryotes. The
indels which were not flanked by conserved regions were
judged to be unreliable and were not considered as signature
sequences in the present work. In cases where useful sequence
signatures were observed in prokaryotic organisms, homologs
from eukaryotic species were also retrieved and aligned to
determine the relationship to the prokaryotes. Much of the
work on the identification of signature sequences was com-
pleted by October 1997, and hence information released after
this date may not be included here.

EVOLUTIONARY RELATIONSHIPS AMONG
PROKARYOTES

That the ancestral organisms were prokaryotes and that the
eukaryotes originated from these at a later time is a view
consistent with the fossil record, which supports the existence
of prokaryotic organisms as far back as 3.5 to 3.8 Ga whereas
the earliest identifiable eukaryotic fossils are only about 1.8 Ga
old (30a, 141, 162, 209). The Earth’s geological and environ-
mental history also supports this view (Fig. 6). There is good
evidence that for the first 2.0 to 2.5 Ga, the Earth’s atmosphere
contained little, if any, oxygen, and hence the earliest organ-
isms that evolved were anaerobic, whereas aerobic organisms
evolved from these at a later time (132, 141, 208, 209). Since
most eukaryotic organisms require oxygen for growth, it is very
likely that they arose at a time when the atmospheric oxygen
content was stable and relatively high (162, 208). There is thus
little doubt that “All of the planet’s early evolutionary history
and well over 90% of life’s phylogenetic diversity lie in the
microbial world” (183). In view of this, the problem of under-
standing the evolutionary relationships among living organisms
could be divided into two distinct parts. In the first part, we will
examine the evolutionary relationship within the prokaryotes
that pre-dated the eukaryotes. In the second part, based on our
understanding of the prokaryotes, we will try to determine how
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~ Hsp70 (E. coli.) SP/P04475  (5)  IGIDLGTTNSCVAIMDGTTPRVLENAEGD  RTTPSIIAYTQDGETLVGQPAKRQAV

Hsp70 (Syn. sp.) GB/D28551  (5) V-r-e=--s-ee-- V-E-GK-T-1A----F  -=--- VV-FAKNQDR - -~~~ =~---

Hsp70 | Hsp70 (Human) SP/P11162  (7)  V---=--- Y---GVFQHGKVEITA-DQ-N  ----- YV-F- -T-R-1-DA--N-VA
HSP70 (B.subtlis)  GB/U3S711  (5)  -==--emcoemnn VLE-GE-K-IA----N  =---- VV-F KN--RQ--EV----SI

L Hsp70 (Met.ther.) 2622398 8) L------ §-~AA-VLI-GK-TIIPS---ASQYGKSF--CV-F-E--QM---E--R----

~MreB  (B.subtlis) 729993 6) ------- A-V  L-HVKGKGI VLN- --VV- IDRNTG KVL

MreB MreB (E.coli) 1171017 6) LS----- A-T L-YVKGQGI VLN- --VV-IR--RA GSPKSVA
LMreB (Met.ther.) 2622127 (22) L------ L-T VVAKPAGDKFDIYKI --VV-VKK-DP SYVL

~Hsp70 (E. coli.) TNPQNTLFAIKRLIGRRFQDEEVQRDVSIMPFKIIAAD  NGDAWVEVKGGKMAPPQISAEVLLKMKKTAEDY LGE

Hsp70 Hsp70 (Syn. sp.) M--E--FYSV--F----PD --TNELTEVAY-VDTSGN AVKLDSSNA-KQF--EE---Q--R-LAED-SK- ---
P Hsp70 (Human) Lmmee- V-DA----=--K-G-PV--§-MKHW- -QV-NDGDKPKVQVSYKGETKAFY-EE- -SM--T---EI--A- --Y
Hsp70 (B.subtlis)  --- -- IMS---HM T-YK--1E-KDYT-QEV--11-QHL-RY--§- ---

L Hsp70 (Met.ther.)  ---E--IT----SM- T-RK-K-H-KEYT-QE---FI-Q-1--D--AF ---

, MreB (B.subtlis)  AVGEEARSMVG-TP- -1V- IRPL-DGVI-DFE-TEAM-KYFINKLDVKSFF
MreB [:MreB (E.coli) AVGHDANEMLG-TP- -1A- IRPM-DGVI -DF FVTEKM-QHF I -QVHSNSFMR

MreB (Met.ther.)  AVGEEAKMMLG-TPE DI1-VRPLRKGVIESVAQAEAL - VYAMEMGAGDSD

Hsp70 (E. coli.) PVTEAVITVPAYFNDAQRQATKDAGRIAGLEVKRI INEPTAAALAYGLDKGT GNRTIAVYDLGGGTFDI  (202)

HspT0 Hsp70 (Syn. sp.) TeeQesrocmnennn [ K-onnn- E---m-n-- po-n---- D EDQ--LL---==---- vV (200)
sp Hsp70 (Human) R R §mmmmmean- K-=nn-- [ L KS NE- -L-FN------- vV 207
HSP70 (B.subtlis)  T-SK--=--+c--D-N--T--==--T--==D=Y-LV=rn-= Y — ED EDMV-M-F------L-V  (176)
Hsp70 (Met.ther.)  EIKK----------- Sevemmonn- VomooN-Lomrmonmeenen [----- RTGK-E-NVLIF-------- vV (188)
MreB MreB (B.subtlis)  SKPRIL-CC-TNITSVEQK-IRE-AERS-GKTVFLEE--KV--VGA-MEIF QPSGNM-V-I----T--  (161)
() [:MreB (E.coli) -SPRVLVC- -VGATQVE-R- IRESAQG- -AREVFL-E- -M---1GA--PVS EATGSM-V-1----TEV  (166)
MreB (Met.ther.)  SIDRI--GI-GDASEVE-N-VEEI--K--ANYVLV-S-GL---IGA--PIA EASGTM-I-1-A-S§--  (179)

FIG. 5. Alignment of Hsp70 and MreB sequences from different groups of species showing the absence of the diderm insert in the MreB sequences. The absence
of the insert in all MreB proteins, as well as Hsp70 homologs from archaebacteria and gram-positive bacteria (boxed region), provides evidence that the homologs
lacking the insert are ancestral. (104, 107). The numbers at the beginning and at the end indicate the position of the sequence in individual proteins.

eukaryotic organisms are related to the prokaryotes. It should
be emphasized that these two questions are completely inde-
pendent. Therefore, while considering the evolutionary rela-
tionships within prokaryotes, there is no need to confound or
bias the evolutionary relationships by considering sequences
from various prokaryotes and eukaryotes at the same time, as
has been commonly done in most earlier studies (7, 21, 49, 53,
69, 70, 81, 112, 126, 196, 198, 258, 262).

Signature Sequences Showing the Distinctness
of Archaebacteria

Signature sequences consisting of distinct nucleotides that
are present at particular positions in the SSU rRNA and that

distinguish archaebacteria from other prokaryotes have been
described by Woese (251, 253). The view that archaebacteria
are distinct from other prokaryotes is also supported by signa-
ture sequences in many proteins. The elongation factor EF-
1/Tu provides a well-studied example (Fig. 7a), where a 12-aa
indel is present in various archaebacteria but not in any of the
eubacteria including different genera of gram-positive bacteria
(99, 112). Some other proteins where signature sequences
unique to archaebacteria are found include ribosomal proteins
L5 (Fig. 7b), S5 (Fig. 7c), and L14 (Fig. 7d). As expected from
these signatures, the inference that archaebacteria are distinct
from other prokaryotes is strongly supported by phylogenetic
analyses based on rRNA, EF-1/Tu, and these other proteins (7,
21, 71, 87, 112, 126, 250). For all the above proteins, the

Increasing
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ST FES SIS ¢ ¥ §
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o ® N d &
& ]
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Time in Billions of Years

FIG. 6. Time line showing some of the main events in the history of this planet based on geological and fossil evidence (132, 141, 208, 209).
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~ Thermo.celer
Hal.marismortui
Hal. halobium
Py.woesei
Th.acidophilum
Met. thermoauto.
Me. jannaschii
Archaeo. fulgidus
Me.vannielii
Sul.acidocaldarius
Sul.solfataricus
L Des.mobilis
—En.histolytica
Rh.racemosus
S.cerevisiae
Human
Tomato
-Di.discoiedium
— Myc. leprae
Str.coelicolor
Mi.luteus
T.maritima
Sp.platenesis
Bac.subtilis
L M.genitalium
E.coli
( Pse.cepacia
Bact.fragilis
Synechococcus sp.
Chl.trachomatis
Bor.burgdorferi
Ri.prowazekii
L Chloro.auranticus

~E. coli

H. influenzae
Hel. pylori

Bor. burgdorferi
Chl. trachomatis
Sy. sp. PCC6803

L Ther. aquaticus
~Mi. luteus

Myc. tuberculosis
Bac. subtilis

T. maritima

- M. genitalium
~Hal. marismortui
Me. jannaschii
Me. vannielii
Archaeo. fulgidus
Sul. acidocaldarius
- Th. acidophilum
~S.cerevisiae
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Dr.melanogaster
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Human
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Ac. kondoi (endosymb)

P17197
P16018
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X83684
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P02994
P04720
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P30768
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M27479
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P33166
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710617
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1806184
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1710494
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2570507
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FIG. 7. Excerpts from EF-1a/Tu (a), ribosomal protein L5 (b), ribosomal protein S5 (c), and ribosomal protein L14 (d) alignments identifying signature sequences
that show the distinctness of archaebacteria (A) from eubacteria (G and G™). The common indels that distinguish archaebacteria from eubacteria are boxed. (The
relationship of prokaryotes to the eukaryotes [E] is considered in later figures). @ denotes the root of the prokaryotic tree as inferred in the text, and the thick arrow

indicates the probable stage where these signatures were introduced.

identified signature sequences are present only in archaebac-
teria but not in any eubacteria. These results support the view
that archaebacteria are monophyletic and distinct from other
prokaryotes. (The question of archaebacterial monophyly and
of the evolutionary relationships within archaebacteria is ex-
amined in detail below; see “Nature of the archaebacterial
group and its relationship to gram-positive bacteria”). In my
working model, which places the root between archaebacteria
and gram-positive bacteria, these signatures were probably in-
troduced in a common ancestor of either archaebacteria or
gram-positive bacteria after separation of the two lineages
(diagram in Fig. 7). In addition to these signature sequences,
the distinctness of archaebacteria from eubacteria is supported

by a number of other genes (21, 144, 183). These include
large-subunit (LSU) rRNA (48); many genes involved in DNA
replication (54), transcription (158, 197, 203), translation (47,
183), tRNA splicing (9), and in histones (197); and the Tcp-1
chaperonin (96). For a number of these genes and proteins, no
eubacterial homologs or any closely related eubacterial ho-
mologs have been found (9, 21, 47, 54, 95, 96, 144, 183, 197).

Signature Sequences Distinguishing Archaebacteria and
Gram-Positive Bacteria from Gram-Negative Bacteria

A specific relationship between archaebacteria and gram-
positive bacteria to the exclusion of other prokaryotes is sug-
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gested by a number of protein sequences. The Hsp70 protein
discussed above provides the best-studied example of such
sequences. As seen in Fig. 3, the Hsp70 homologs from various
archaebacteria and gram-positive bacteria are distinguished
from all other prokaryotic homologs by the absence of the
large diderm insert in their N-terminal quadrant. The species
which do not contain the insert include the methanogenic,
thermoacidophilic (Thermoplasma acidophilum), and halo-
philic archaebacteria and different genera of low-G+C and
high-G+C gram-positive bacteria. The Mycoplasma species,
which lack a cell wall, and a number of other species, e.g.,
Thermotoga maritima and Megasphaera elsdenii, showing anom-
alous Gram staining (251), also lacked the diderm insert, pro-
viding strong evidence for their placement in this group. In
contrast to these groups, all members of other eubacterial
divisions, including the alpha, beta, gamma, delta, and epsilon
subdivisions of the proteobacteria, chlamydias, spirochetes, cy-
tophagas, flavobacteria, cyanobacteria, green nonsulfur bacte-
ria, Deinococcus, Thermus, and Aquifex, which traditionally
form the gram-negative group, contained this insert. The in-
ference from this shared signature sequence that archaebacte-
ria are specific relatives of and more closely related to gram-
positive bacteria than to gram-negative bacteria is strongly
supported by the detailed phylogenetic analyses based on
Hsp70 sequences (56, 57, 85, 103, 104, 108). A neighbor-joining
tree based on Hsp70 sequences is shown in Fig. 8. Various
archaebacteria and gram-positive bacteria grouped together in
99% of the bootstraps, indicating strongly that they are evolu-
tionarily closely related. In contrast, all of the gram-negative
bacteria formed a separate clade, indicating their phylogenetic
distinctness. A close relationship of archaebacteria to gram-
positive bacteria and the distinctness of gram-negative bacteria
are also supported by other phylogenetic methods such as
maximum parsimony and maximum likelihood (85, 104, 108).
Furthermore, it should be noted that the archaebacterial spe-
cies in the Hsp70 tree do not form a monophyletic clade but
instead show polyphyletic branching within gram-positive bac-
teria. The significance and possible interpretations of this ob-
servation are discussed below (see “Nature of the archaebac-
terial group and its relationship to gram-positive bacteria”).

A close and specific relationship between archaebacteria
and gram-positive bacteria is also supported by signature se-
quences in a number of other proteins. In the glutamine syn-
thetase I (GS I) sequences, a conserved insert of 26 aa is
present in all gram-negative bacteria but not in various archae-
bacteria or gram-positive bacteria (Fig. 9a) (22). Similar to the
Hsp70 sequence, T. maritima also lacked the insert in its GS I
sequence, supporting the view that it is a gram-positive bacte-
rium. Aquifex aeolicus, on the other hand contained this insert,
supporting its grouping with gram-negative bacteria as indi-
cated by its Hsp70 sequence signature (Fig. 3). Phylogenetic
analyses of GS I sequences again strongly support the view that
archaebacteria are evolutionarily close relatives of the gram-
positive bacteria and show polyphyletic branching within them
(22, 85, 239). It should be mentioned that although both Hsp70
and GS I sequences show similar relationships, the presence of
two different families of GS sequences in a number of different
soil bacteria means that the evolutionary inferences based on
GS I sequences are not as clear-cut as those based on Hsp70
(22, 239). The GS II homologs from certain soil bacteria in-
cluding some gram-positive bacteria (Streptomyces coelicolor
and S. roseosporus) contain the insert, which is absent in their
GS T sequences (Fig. 9a). These homologs in gram-positive
bacteria are likely derived by means of horizontal gene transfer
from the gram-negative species (146a).

The protein glutamate-1-semialdehyde 2,1-aminomutase
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provides another example where a conserved indel is shared by
various archaebacteria and gram-positive bacteria (Fig. 9b) but
not by any of the gram-negative bacteria that have been exam-
ined.

The presence of signatures that are common to archaebac-
teria and gram-positive bacteria but not present in gram-neg-
ative bacteria is best explained in terms of their introduction in
a common ancestor of all gram-negative bacteria (Fig. 9, top
diagram). Further, based on these signatures and those dis-
tinctive for archaebacteria (Fig. 7), it is clear that gram-positive
bacteria are related on the one hand to archaebacteria and on
the other to gram-negative bacteria. Thus, gram-positive bac-
teria occupy an intermediate position between archaebacteria
and gram-negative bacteria, and based on the rooting, the
latter group has evolved from them.

The distinctness of gram-positive bacteria from gram-nega-
tive bacteria is also supported by signature sequences in a
number of other proteins. In the highly conserved Hsp60 or
GroEL protein, where sequence information is available for
most of the known bacterial phyla, including different subdivi-
sions of proteobacteria, chlamydia, spirochetes, cytophagas,
flavobacteria, cyanobacteria, Deinococcus, Thermus, Aquifex,
and different groups of gram-positive bacteria, a 1-aa insert is
present in various gram-negative bacteria (Fig. 10). The spe-
cies Thermus aquaticus and Deinococcus proteolyticus, which
contain an outer membrane, are exceptions which are dis-
cussed below (see “Signature sequences indicating that Deino-
coccus and Thermus are intermediates in the transition from
gram-positive to gram-negative bacteria”). Additional exam-
ples of proteins which show similar behavior to Hsp60 are also
described in this later section. In phylogenetic trees based on
Hsp60 sequences, the gram-negative bacteria form a monophy-
letic clade distinct from various gram-positive bacteria (Fig.
11) (96, 98, 246). The tree shown in Figure 11 is unrooted.
However, in other studies where the Hsp60 tree was rooted
with the TCP-1 protein, which is a distant Hsp60 homolog
present in archaebacteria (95, 243), the low-G+C gram-posi-
tive bacteria were the deepest-branching group within the eu-
bacteria (96, 98).

A Specific Relationship between Archaebacteria and Gram-
Positive Bacteria and the Distinctness of Gram-Negative
Bacteria Is Consistent with Prokaryotic Cell
Structures and Other Gene Phylogenies

The presence of the indicated signatures in Hsp70, GroEL,
and GS I sequences in all members of the main phyla or
divisions within the gram-negative bacteria provides evidence
that this group of prokaryotes is monophyletic and distinct
from archaebacteria and gram-positive bacteria. This inference
is in sharp contrast to that reached based on SSU rRNA
sequences. The trees based on SSU rRNA generally place
gram-positive bacteria between different divisions of gram-
negative bacteria (55, 75, 181, 184, 250, 251). The eubacterial
divisions, consisting of Thermotogales, green nonsulfur bacte-
ria, deinococci, and cyanobacteria, generally show deeper
branching than do gram-positive species, whereas other divi-
sions, including proteobacteria, planctomycetes, spirochetes,
chlamydiae, cytophagas, and flavobacteria, branch either lower
than or in a similar position to gram-positive bacteria (35, 181,
184, 250, 251). However, most published eubacterial phylog-
enies based on rRNA do not give any bootstrap scores or other
measures by which the confidence of these branching orders
may be assessed (181, 184, 250, 251). In a few cases, where
bootstrap scores are indicated, the values for most of the crit-
ical nodes leading to gram-positive bacteria are in the range of
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FIG. 8. Consensus neighbor-joining tree for prokaryotic organisms based on Hsp70 protein sequences. The tree, which was bootstrapped 100 times, is based on 362
aligned positions for which sequence information from all species are known. Other trees based on larger numbers of aligned characters also show similar results (see
Fig. 27) (57, 103, 108). The archaebacterial species (marked with asterisks) show a polyphyletic branching within gram-positive bacteria (both monoderm prokaryotes),
which is statistically strongly supported (95, 108). The gram-negative bacteria (diderm prokaryotes) form a distinct clade in 99% of the bootstraps, which is highly
significant. The relationships and branching orders of some of the main divisions within eubacteria are indicated.

25 to 50%, indicating that these branching orders are unreli-
able (55, 75). Thus, as acknowledged by Woese (251, 252), the
branching orders of major eubacterial phyla cannot be resolved
based on SSU rRNA phylogenies. A number of other gene and
protein phylogenies that have been previously studied, e.g., 5S
rRNA (122, 211), LSU rRNA (48), EF-Tu (42, 126), EF-G (16,
42), Rho (185), aspartate aminotransferase (249), glyceralde-
hyde-3-phosphate dehydrogenase (114), sigma factor 70 (94),
aminoacyl-tRNA synthetases (20), and RecA (55, 247), and a
large number of proteins examined by Brown and Doolittle
(21) similarly lacked the resolution to clarify the relationship
between gram-positive bacteria and gram-negative bacteria.
The inability of these phylogenies to resolve this relationship

occurs in part because these genes and proteins are not highly
conserved (see also other factors discussed in “Molecular phy-
logenies: assumptions, limitations, and pitfalls”), and for many
of them only limited representation of eubacterial phyla was
available.

Although most earlier gene phylogenies did not resolve the
relationship between gram-positive and gram-negative bacte-
ria, it is important to note that in the vast majority of these
cases, gram-positive prokaryotes were indicated to be the clos-
est relatives of archaebacteria. For example, in the reported
phylogenies for 16S rRNA, EF-1a/Tu, EF-2/G, RNA polymer-
ase, aminoacyl-tRNA synthetases, and various ribosomal pro-
teins, which form the basis for defining archaebacteria as a
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FIG. 9. Signature sequence (boxed insert) in GS I (a) and glutamate-1-semialdehyde 2,1-aminomutase (b), showing the relatedness of archaebacterial (A) homologs
to gram-positive (G™*) bacteria and the distinctness of gram-negative (G ™) bacteria. The top diagram indicates the suggested interpretation that these signature, as well
as the large diderm insert in Hsp70 protein (Fig. 3), were introduced into a common ancestor of G~ bacteria. (a) G* (II) identifies sequences from some of the GS
II family of proteins (22, 205). E, eukaryotes.
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144 — 178
P06139  IAQVGTISA|T|SDETVGKLIAEAMDKVGKEGVITVE
P48217  ---e----- V] [ R LA LR
P31293  --------- N|--DSI-TI----- |
X68526  --------- N|--S$---E---Q--E-----------
P31294  -E------- Nj----=mm--- Q--E-----------
P30718  --------- N[---sI-QI----- E-----usmnn-
P26878  --------- N|---AI-Al----- Eeeemmmmnnnn
P26004  --------- N|--QAI-SI----- E----oememe-
p25750  -T------- N{A--K--§---=--- E---ND------
P19421  --------- N|--Ks1-DI----- E-------oe--
222955  ----- §---|N|---Q--AL----- Eemecmmmmnn-
223009  ----- s---|N|---Q--AI----- Eomemmmnmmnn
M94192  V-------- N|GEKQI-LD----- Q---N-------
M94190 ----A----|N|G-AEI-RYL----E~--N----=-=~
M94191  --------- N|G-TEI-RYL----E---N-------
P30779  V-------- N|GERQI-LD----- QR--N-------
P16625 ----A-V-S|N|G-REI-EK--N--KQ--Q-------
L10917 ----A----|N]|G-KNI-SK--QCVQE---D-~-~-~--~-
L11654  V----1---|N|G--E--RR----~ E------m-un-
P35635 ----A----|N|GA-DI--M--D--E---N----=--
X73840 ~T--A----{N|--HNI----- D--E----D-----~
D17398  -EH-AK---|N|G--NI-S------ R--K-=------
unpubl.  -K-IAS---|N|N--VI-E---T-FA--==--- ---
unpubl.  -Q--A----NfN---]------- FA---====r---
P17203 ----A----{N|N-AEI-N------E----N-§---~
P27575 ~---AS--~[N{N-SYI-EK---~----=- D------
L14682 --N-AS---[N|N-N-I-N---D-==~=----D----=~~
$33213 V-H-ASV-- |N|N-KEI-RIL-S-1E---ND---D-D
2984379  -E--A---- [N|N-PEI--1--D--EE---D------
P22034 ----A-V-S|G|TNPE--AM--D-~--- T-D------
P22879  ----- A--- EiN-FE'-QM_'D ----------- SL-
P45746 -EE-A---- “JIN-PE------ D--E------ I----
unpubl.  -KK-AG---  N-PQ--EE--§---=--=------ I-
P26821 --R-AA---  A--KI----- D--E---N-------
P48212 --R-AS---  N--VI-E---D--E--TND------
P26209  ----AA---  A--E--Q------ ER--ND----L-
p28598  ----AA--- A--E--S§------ ER--ND----1-
Q07201 ----AA--- A--E--S------ ER--ND----1I-
Q00767 --A-AAL--  Q-KQ--E----------- Do-----
Q00768 ~-STAS---  A-TQI-E-----------==un----
P40171 --A-AAL--  Q-QQ--E------=---~ D----=-
P48218  ----- A---  A--EI-RY-S------- ND----1-
P47632 -E--AR--S  GSKEI----- Q--AL---N----TD
110132 ----AA---  A--E--Q------ ER--ND----L-
unpubl.  --H-AA---  NSAEI-E---------- ED------
X71132 ----A-V-§  RS-K--EY-SD--ER--SD----1-
P09239  --ATAA---  G-QSI-D---------- N---=----
$25181 -T--A-V-S  R--QI-A-VG-G-N---TD--VS--
P06806 --ATAA---  G-QSI-D---------- N-==on--
X60350 ----A-V-S  R--QI-D-VG---S---HD--VS--

FIG. 1(); Excerpt from the GroEL ((?r .Hspﬁ().) protein sequence alignment showing a 1-aa insertion (boxed) that is shared by most divisions of G~ bacteria but absent
from a[l G bacteng. The absen_ce of this insert in Thermus aquaticus and Deinococcus proteolyticus, which are diderm prokaryotes that contain thick cell walls, indicates
that this insert was introduced into an ancestral gram-negative lineage after the branching of the Deinococcus-Thermus group (thick arrow in the top diagram).

unique domain, the species Thermotoga maritima, which is now
known to be gram positive, shows the closest relationship to
archaebacteria (7, 20, 21, 112, 250). Brown and Doolittle (21)
recently reported phylogenies based on 66 protein sequences

for which sequence information was available from archaebac-
teria, eubacteria, and eukaryotes. They tried to determine
which of the three possible relationships among these groups
(i.e., an archaebacterial-bacterial clade, an archaebacterial-eu-
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TABLE 1. Protein phylogenies where gram-positive bacteria are indicated as the closest prokaryotic relatives of archaebacteria”

Protein Fig. Protein Fig.
GYTaSe B 6A DA oottt 17A
Photolyase .. e DB 17B°
EF-Tu....... .. 8A ITDC ettt ettt 17C
EF-G/2..ooveiiciicinns ... 8B DD .o 17D
Isoleucyl-tRNA Synthetase..........ccccceeeeeeciciciicceecceeeenenes 9B FUSC e 18¢C?
Tryptophanyl-tRNA synthetase 9C FUSD .o 18D
Tyrosyl-tRNA synthetase..........ccoceeveeirieiiinieiincicececcceeees 9D FUSFE .o 18E”
Ribosomal protein L2..... 10A FUSH oo ss s 18G*
Ribosomal protein L11... . 11B PUSIE ... 18H
Ribosomal protein L14... 11C IMP dehydrogenase ........cceueeeueeeurerieerereeenirieerereeieeeeeeseeeeeeeeeeeseeees 19A
Ribosomal protein L15... 11D FGAM SyNthetase .......c.cceueueueueirieiiinieiiinieicieieeieeeieeeeeneseeneneenes 19B
Ribosomal protein L22... 11E Glutamyl-tRNA reductase ..........cocouveuevvinicieivinceieiieeeiccenean 19C
Ribosomal protein L23... . 11F ITPG ittt 17F
Ribosomal protein L30... . 12A SECY ettt 19E
Ribosomal protein S5..... .. 12B FeMN SOD ... 20A°
Ribosomal protein S9..... . 12E HSPOO/TCP-L.coiiiiiiiiic s 20B
Ribosomal protein S10... .. 12F Glutamine Synthetase .........ccccoeeieeieiiirieiinieineceeeeeeeens 16B
Ribosomal protein S15... .. 13C Glutamate dehydrogenase Il........cccooveivivieirinieirinicnrcceeee 15CP
Ribosomal protein S19... .. 13E Argininosuccinate Synthase..........cooceevevieinirivincrininneniiiicieene 15D
Enolase ......ccoveevverenerinenne .. 13F Aspartate aminotransferase 16A
Acetyl-CoA synthetase .. 15A Histidinol-P-aminotransferase............cooeeveverieicivinicinicicinieeiee 16A
Citrate synthase......... ... 15B FUSG e 18F¢
HSPT0 s 5° RNA polymerase A subumit ........cccceevueveirieieinieieinieinieceeciee 7a“

“ This table is based on the phylogenetic trees published by Brown and Doolittle (21). The relationships indicated are observed upon excluding the eukaryotic
homologs and knowing that 7. maritima is a gram-positive bacterium. Figure numbers in this table refer to figures in reference 21. CA, coenzyme A; SOD, superoxide

dismutase.
® Polyphyletic branching of archaebacteria within gram-positive bacteria.

< For these genes, no sequences for gram-positive bacteria were included in the analyses.

karyote clade, or a bacterial-eukaryote clade) was supported by
different protein phylogenies. As pointed out above, it is con-
founding the problem to consider the evolutionary relation-
ships between prokaryotes and eukaryotes, as was done in this
study, in the absence of a good understanding of the phylogeny
of prokaryotes. However, if one examines the phylogenetic
trees reported in this review (21) and asks which group of
prokaryotes are the closest relatives of archaebacteria, then for
more than two-thirds of the genes studied, 7. maritima or
another gram-positive bacterium was found to be the closest
relative of archaebacteria (Table 1). A closer relation of ar-
chaebacteria to gram-positive bacteria has been acknowledged
by these authors: “In phylogenies supporting an AB (archae-
bacteria-bacteria) grouping, the archael branches are often
among those of the gram-positive bacteria” (21). Thus, a spe-
cific relationship of archaebacteria to gram-positive bacteria is
not restricted to a few proteins but is generally observed for the
majority of the gene and protein sequences (21).

What is the significance of the observed close relationship
between archaebacteria and gram-positive bacteria on the one
hand and the distinctness of gram-negative bacteria on the
other? The answer becomes strikingly clear when the cell struc-
tures of the prokaryotes are considered (228, 241). As dis-
cussed above, based upon their cell structures, the prokaryotic
organisms can be divided into two major groups—those
bounded by a single membrane (termed monoderms) and
those containing inner and outer membranes (termed di-
derms) that define the periplasmic compartment (Fig. 12). All
archaebacteria and gram-positive bacteria belong to the first
group. Some species which lack a cell wall (e.g., Mycoplasma
and Thermoplasma species) or show gram-negative staining
due to other unusual characteristics (e.g., Megasphaera and
Thermotoga species) are also bounded by a single membrane.
The signature sequences and phylogenies based on Hsp70 and
other highly conserved proteins thus distinguish and separate
all monoderm prokaryotes from the diderm prokaryotes.

These results are thus in accordance with the most striking and
fundamental structural difference in the organization of pro-
karyotes (Fig. 12, top). In addition to the presence of an outer
membrane which defines the periplasmic compartment, the
gram-negative bacteria differ from the gram-positive bacteria
in several other respects including thickness of the cell wall,
flagellar structure, and general response to the environment
(124, 180a, 192, 206, 220, 241, 260). According to Tipper and
Wright (241): “The Gram-negative cell has a fundamentally
different strategy toward the external environment than the
Gram-positive cell. In the Gram-negative cells a membrane is
present, external to the peptidoglycan layer, that acts as a
permeability barrier between the external environment and the
cytoplasmic membrane. It is an essential component of all
Gram-negative cells and apparently cannot be dispensed with,
even under laboratory conditions.” Thus, the inferences de-
rived from molecular sequence data are in accordance with
and strongly vindicated by the morphological characteristics of
the prokaryotes.

In contrast to these results, which unite both molecular
sequence data and cell structure characteristics, gram-negative
bacteria (diderm prokaryotes) are not recognized as a distinct
taxon in the three-domain proposal. In the three-domain pro-
posal, while one group of monoderm prokaryotes (i.e., archae-
bacteria) form one domain, other domain is suggested to con-
tain a polyphyletic branching of different monoderm and
diderm prokaryotic phyla (Fig. la and 12, bottom) (181, 184,
250-252, 258).

Signature Sequence Distinguishing between Low-G+C
and High-G+C Gram-Positive Bacteria and Pointing
to a Specific Relationship of the Latter Group
to the Gram-Negative Bacteria

The gram-positive bacteria are traditionally divided into two
groups: the high-G+C group and the low-G+C group (6, 14,
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Monoderm-Diderm Model

Gram-positive: Gram-negative
bacteria bacteria
(Monoderm) (Diderm}

Archae-

bacteria
{Monoderm)

Archae-

bacteria bacteria bacteria
{Monoderm) {Monoderm) {Diderm)

‘Gram-positive Gram-negative

FIG. 12. Evolutionary relationships within prokaryotes as indicated by the
monoderm-diderm model (top) versus the currently popular archaebacterial
model (bottom). It should be noted that the latter model does not recognize
diderm prokaryotes as a distinct taxon and that in phylogenetic trees based on
16S rRNA the gram-positive (monoderms) and gram-negative (diderms) bacte-
ria show polyphyletic branching within each other (183, 250, 251, 258). Abbre-
viations: CM, cytoplasmic membrane; OM, outer membrane; CW, cell wall.
Reproduced from reference 101 with permission of the publisher.

184, 192, 228, 229, 250). While the phylogenies based on some
gene sequences, i.e., Hsp 70, GroEL (Hsp60), and sigma 70,
show that these two groups are distinct from each other (94, 96,
99, 103, 108, 246), the relationship between these two subdivi-
sions of prokaryotes is not resolved in a number of other
phylogenies, including those based on SSU rRNA, LSU rRNA,
RecA, EF-Tu, and EF-G (7, 16, 48, 55, 131, 184, 250, 251).
Hence, the question whether these two groups are phyloge-
netically distinct is unclear. The signature sequences in pro-
teins again provide important insight in this regard. In the
ribosomal S12 protein, a 13-aa deletion is present in a highly
conserved region in various members of the high-G+C gram-
positive bacteria as well as gram-negative prokaryotes but not
in any of the low-G+C gram-positive bacteria examined (Fig.
13a). Although this sequence region is not highly conserved
between archaebacteria and bacteria, it is quite clear from the
alignment that this deletion is also not present in any of the
archaebacterial homologs. Another example of a protein show-
ing a similar signature sequence is provided by dihydroorotate
dehydrogenase, where a 2-aa insert in a conserved region is
found in various gram-negative bacteria and high-G+C gram-
positive bacteria examined but not in any of the low-G+C
gram-positive bacteria or archaebacterial homologs. The sig-
nature sequences in these two proteins provide evidence that
members of the high-G+C and the low-G+C gram-positive
bacteria are phylogenetically distinct from each other. Further-
more, based on the results presented above, which suggest that
archaebacteria and gram-positive bacteria are ancestral groups
and that gram-negative bacteria are derived from them, the
presence of these shared signatures in various high-G+C
gram-positive bacteria as well as different gram-negative bac-
teria is strongly indicative that these two groups of prokaryotes
are specifically related to each other and they had a common
ancestor exclusive of the low-G+ C gram-positive bacteria (Fig.
13). As shown in Fig. 13, these signature sequences were prob-
ably introduced into the main stem of the tree leading to the

MICROBIOL. MOL. BIOL. REV.

high-G+C gram-positive group as well as the gram-negative
bacteria. These results also provide evidence that among the
gram-positive bacteria, the low-G+C group is ancestral.

Additional signature sequences which appear to be specific
for only the low-G+C gram-positive and the high-G+C gram-
positive groups have been identified. Figure 14 shows a 2-aa
insert in pyruvate kinase that seems specific for only the low-
G+C gram-positive group but is not found in any of the other
prokaryotic homologs. This insert, as shown, was probably in-
troduced into the branch leading to the low-G+C gram-posi-
tive bacteria (Fig. 14). We have also come across a signature
sequence in gyrase A that appears to be specific for the high-
G+C gram-positive group (Fig. 15). This signature was prob-
ably introduced into the branch leading to the high-G+C
gram-positive group.

Signature sequences in the above proteins also provide in-
sights into the placement of T. maritima within the gram-
positive group. Although T. maritima is clearly a Gram-positive
bacterium based on signature sequences in Hsp70 (Fig. 3) and
GS I (Fig. 9a), signature sequences in pyruvate kinase (Fig. 14)
and gyrase A (Fig. 15) show that it does not contain the sig-
natures that appear distinctive for either the low-G+C or high-
G+C gram-positive groups. These observations indicate that
T. maritima probably evolved from the main stem indepen-
dently of the typical low-G+C and high-G+C gram-positive
groups. Signature sequences in Hsp70 (Fig. 3), ribosomal S12
(Fig. 13a), and dihydroorotate dehydrogenase (Fig. 13b) sug-
gest that this branching took place from the common ancestor
of high-G+C gram-positive bacteria and gram-negative bacte-
ria, before the evolution of gram-negative bacteria.

Signature Sequences Indicating that Deinococcus and
Thermus Are Intermediates in the Transition from
Gram-Positive to Gram-Negative Bacteria

The members of the genera Deinococcus and Thermus rep-
resent an interesting group of prokaryotes whose classification
and evolutionary position have presented problems by both
traditional and molecular criteria (19, 39, 176). As noted by
Murray (176) in Bergey’s Manual, the members of the genus
Deinococcus show a positive Gram-staining reaction and pos-
sess a peptidoglycan component of cell wall with a thickness
similar to that of the gram-positive bacteria. Accordingly,
Deinococcus species are recorded as gram positive. However,
Murray (176) also emphasized that on biochemical and struc-
tural grounds, the Deinococcus species are more akin to gram-
negative bacteria than to gram-positive bacteria. For example,
these bacteria have a fatty acid profile that is similar to the
gram-negative bacteria rather than to the gram-positive bacte-
ria (19, 39, 176). Of greater significance is the presence of an
outer cell membrane in the Deinococcus-Thermus group (157,
176), which is a unique and defining characteristic of all gram-
negative species. Phylogenies based on 16S rRNA place Deino-
coccus and Thermus species in a separate lineage branching
below the Thermotogales and in a similar position to cyanobac-
teria and green nonsulfur bacteria (115, 181, 250, 251).

The protein phylogenies and signature sequences provide
important information about the phylogenetic position of
Deinococcus and Thermus within prokaryotes. Interestingly,
similar to the phenotypic characteristics, the sequence data for
different proteins indicate that these organisms can be grouped
with either gram-positive or gram-negative bacteria. For exam-
ple, the presence of the large insert in their Hsp70 protein (Fig.
3), which is a characteristic of all gram-negative bacteria, in-
dicates that these organisms should be classified as gram-neg-
ative bacteria. This inference is in accordance with the pres-
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G+ Strep. pneumoniae 401040 i S KS--E|---=--~-~ V----  |HKK-QTNVSS---- G-M-----------
Low Sta. aureus 1350927 mlemeeeee- Qs-IK|---§~----~ F--  [-KKKFTDLNS-=----~ G-M---=--------
M. pneumoniae 2500446 -1A--1----KK-KV|-==-=-=- HYNL-L  |LNKKVTNVYS-L-------~ G-M-----------
L.M. genitalium 1361824 -1A--1----QK-KV|------- HYNL-L  |LNKKTTNVYS-L--==----- G-M--R--------
~Sul. solfataricus 809768 KGIYSA--L-LKRLK | FRR-GRKY-TKILKL | -EKYNP-GGA-MA-- IVLEKVGIESRQ@----V-~
sul. acidocaldarius 1173193 KGLFAA- -1 -LKRLK | F-W-QRSF-RRMLAL | -EKFDP- -GA-MA- - IVLEKVGIESRQ- - - -V--
Thermo. celer 58412 YGEFAG- -LKLKRKK | FRW-DIRY-RRVLRL | -EKSDP- -GA- -AK- [VLEKIAVEA-Q- - --M- -
A Me. vannielii 133746 KGEFAG- -LLLKRK- | TRWQHYKYVNRELGL | - VKADP-GGA-MG- - IVVEKVGLEA-Q----1--
Me. jannaschii 1591700 RGEFAG- - L -LKRKW | CRWHDYNYVRRVLKL | -EKYDP- -GA-MA- - IVIEKVGLEA-Q----1--
Halococcus morrhuae 133741 NGKYAA- ~LKKDRGG | RRW-DSEYARRERGL [ GKKSDP- - GA= - G- - IVLEKVGIEA-Q----1-~
L Hal. halobium 133739 NGKYAA- - LKKDRGN | HRW-DSKYARRARGL | -EKTD- - -GA-- G- - IVLEKVGIEA-Q----1--
(b) 264 — 298
-E. coli 1788469 GGLSGRPLQLKSTETIRRLSLEL (NG [RLPIIGVGGI
Sal. typhimurium 585766 000 eereeescesecese-eo-e Q--
H. influenzae 1172786 0 =ee-- K---H------ K--HQ--
Nei. meningitidis *  =eeee L-VHE- -NRVLKL-ADHI
G' Act. actinomycet. * -----K---H---V--A--HQ--
Hel. pylori 2316154 ----- KC-TK--R- - FKE-AKAF
Sy. sp. PCC6803 1653716 =e--- Q-IRDRA--V--YIYQQT
Aqu. aeolicus! 2982802 0000 ----- PAILPIAVRM-YQVYEKF
LD. radidurans * mmeeees TDR---LV-DAYRLT |R-|QV--V----V
+ Myc. leprae 1772707 --1--P-VARRAV-VL---YGRV(GD [--VL-8---~
G High [Myc. tuberculosis 2104339 ~-1--P--AQRAVQVL---YDRV|GD|--AL-S----
T. maritima * e PV-KPIALRAVYEVKKRF| P|E-FV-AS--V
—L. lactis 1709950 0 =eee- PAIKPVALKL-HQVAQDV-—DI----M--V
Ent. faecalis 81g70s 00 =-ee- PAIKPVAIRL - -QVASVS Q----- M--V
Bac. caldolyticus 1172785 0 ==--- PAVKPIAIRM-YEV-QAV SI----M---
G+ Bac. subtilis 131720 0 =ee-- PAVKPVAIRMVYEV-QMV NI----M--V
Low Lac. plantarum 1514606 0 ----- KATHPLAVRM- HDVRQHT K-=--=--- v
L Strep. pneumoniae * --M--PAVFPVALKL - -QVAQTT D----- M--V
—Me. jannaschii 1591367 0 e-ee- KAIKSIGIKVVWD- YENF DV--------
A Py. horikoshii 3131793 --Y--PGIKPIALRAVYD-AKV- DI-V--1---
Archaeo. fulgidus 2649866 -=V--PAIKPIALKCVYD-YK-1 EV--V-C---
- sul. solfataricus 2066544 --1--KCIHALAVRV-HDVFK-Y EPE------ v

FIG. 13. Signature sequence in ribosomal S12 protein (a) and dihydroorotate dehydrogenase (b), distinguishing archaebacteria (A) and the low-G+C gram-positive
bacteria from the high-G+C gram-positive group (G*) and gram-negative bacteria (G ™). These signatures (boxed) provide evidence that the gram-negative bacteria
are specifically related to the high-G+C gram-positive group. The asterisks in this and all subsequent alignments identify sequences retrieved from the National Center
for Biotechnology Information unfinished microbial genomes database.
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Archae-
bacteria l
positive

118 178

~E. coli 125603 PADVVPGD I LLLDDGRVQLKVLEVQGMK VFTEVTVGGPLSNNKGINKLGGGLSAEALTEKD

H. influenzae 1170698 “Q---m-mmmmeeeeeeeo o STD-A-  --=ese-cmmoc-oommceceoeenn D------

Sal. typhimurium 1526982 TS-LSV-NTV-V---LIGME-TAIE-N- CICK-LNN-D-GE---V-LP-VSIALP--A--~

A. vitis 984370 F-A-K---D--1-----RVRA-G-SDEF IDAK-1-A--1--R--V-LP-TV-DISP--P--

G_ Methylobac. extorquens 1907336 LSALE-SHGI-I1---KLR-I1-T--SEGR AV-R-E---RI--R--VSLPHTA-PVP-M----
Bor. burgdorferi 2688255 VKE-PQ-SKV----- ELEMT-VAKLPDR LIC-IKND-QIK-K-S--TP~-IS-KLQSV----

Chl. trachomatis 1791247 -RERAPV-1---YI-AV-VNA-EHM -EI-FQNS-EIKS--SLSIKDIDVALPFM----

Sy. sp. PCC6803 1208543 ATEAKV-ERI----- LLEM--VSI-DPE -1C--VT--1-KSR--V-LP-LV-TLPSM-T--

-D. radiodurans * AG--T--MT------ NMS-R-DH-R-ND 1Q-T-LI--T-K------ VPEAD-TVP--§---

— Cor. glutamicum 598097 AK-AK---R--V---K-G-VCVS-E-ND -1C--VE---V----- VSLP-MDI-VP--8---

+ T. maritima * -K--KK--TI1--S--EIV-E-1-TTDTE -K-V-K-~-KITHRR-V-VPTAD--V-SI-DR-
G High Myc. tuberculosis 3122312 AQ-A-A--RV-V---K-A-V-DA-E-DD -VCT-VE---V-D----SLP-MNVT-P--§---
L Myc. intracellulare 1750255 AE-AAV--RV-V---K-C-V-DGIE-DD —— -ICT-VE---V----~- SLP-MNV--P--S§---

—Bac. psychrophilus 1041097 IE--NE-SVI----- LI--E-TGKDVAR|GL | IH-LIINS-S------V-IP-VSVQLPGM----

Bac. stearothermophilus 585371 ID--SV-AKI----- LIS-E-NA-DKQA[GE|IV-T-LN--V-K-K--V-VP-VKVNLPGI----

Bac. licheniformis 1041099 IH--SV-STI-----L-G-E-TDINKD- [RE|IV-K-MNS-T-K-K~-V-VP-VSVNLPGI -~~~

Bac. subtilis 2293265 VH--EQ-STI[----- LIG-E--D-DAA- [RE [IK-K-LNN-T-K-K--V-VP-VSVNLPGI----

G+ Strep. pneumoniae * YD--EV-RQV-V---KLG-R-VAKDDAT (RE | FEV--END- I IAKQ--V- IPNTKIPFP--A-R-
Low Strep. pyogene * YDE-EV-HTI-I---KLG---1DKDIAT [RQ|FIV--END-IIAKQ--V-IPNTKIPFP--A-R-

M. pneumoniae 2497533 VN--KV-QKI-V---KLS-V-KRIDTKN |NQ |- ICVAQNDHTIFTK-RL-LPNADY-IPF-SA--

Lac. detbrueckii 1154865 FD-THV-GTV-1---A-G-TIKAKDEE- |RE [LVC-AQNT-VIGSK--V-AP-VEIRLPGI----
Unidentified bacterium 155435 FD--QV-GQV-F---LLGTT---KDVAN|RE |LVVR-DND-1-GSR--V-AP-VSINLPGI---~

L. lactis 585372 FD--EI-QTI-1---KLG-SLTGKDAAT |RE|FEV-AQND-VIGKQ--V-IPNTKIPFP--A-R-

M. genitalium 1045902 VN--NI-QKI-V---KLT-V-TR-DKQH |NQ| - ICVAKNDHTVFTK-RL-LPNAQY-IPF-S---

A I:Thermo. Litoralis 1016357 -KL-SK--TI1Y-S--YIM-R-E--RENE'— -ECV-VN--1-FSH----1PKAN-PI--I-PR-
Me. janaschii 1590885 IDTIEE-HFI-IN--KIK-R-V-KTDK 11AV-E---EIKEGM-V-LPDTRIELPIID-TA

FIG. 14. Signature sequence (boxed) in pyruvate kinase which appears specific for the low-G+C gram-positive group. This signature was probably introduced in

the branch leading to this particular group.

ence of an outer cell membrane in these species. In contrast,
signature sequences in the Hsp60 protein (Fig. 10) indicate
that Deinococcus and Thermus lack the 1-aa insert common to
various other gram-negative bacteria and thus are similar to
gram-positive bacteria. Signature sequences in two additional
proteins, acetolactate synthase (Fig. 16a) and asparginyl-tRNA
synthetase (Fig. 16b), also indicate a specific relationship of
these species to the gram-positive bacteria. For asparginyl-
tRNA synthetase, the absence of the insert in the proteobac-
terium Helicobacter pylori is surprising and may represent a
case of horizontal gene transfer.

The above results showing a grouping of the Deinococcus-
Thermus genera with either gram-positive or gram-negative
bacteria, based on signature sequences in different proteins,
are not conflicting but, instead, suggest that the members of
these genera are probably derivatives of intermediates in the
transition from the gram-positive to the gram-negative group
of prokaryotes and hence possess some characteristics of each
group. The presence of an outer cell membrane in these or-
ganisms, together with a thick cell wall in the case of Deino-
coceaceae, indicates that in the evolution of gram-negative
bacteria from a high-G+C gram-positive ancestor, the outer
membrane developed first before the changes in the cell wall

took place. It is of interest in this context that in several
mycobacterial species (high-G+C gram-positive bacteria), the
membrane lipids are arranged in a highly ordered form, which
may represent an early stage in the development of outer cell
membrane (18a, 180b). The signature sequences in different
proteins thus provide molecular markers that correlate with
the phenotypic changes in the cell structure. Thus changes in
Hsp70 (or GS I) which correlate with the development of the
outer membrane (Fig. 3) took place in the common ancestor of
gram-negative bacteria before changes in the other proteins
(Hsp60, acetolactate synthase, and asparginyl-tRNA syn-
thetase) that show correlation with the changes in the cell wall
and other properties of the cells. Thus, the molecular and phe-
notypic characteristics of these organisms are in good agreement
and point to a unique phylogenetic position of the Deinococcus-
Thermus group as representing evolutionary intermediates.

Phylogenetic Placement of Cyanobacteria and Their
Close Evolutionary Relationship to the
Deinococcus-Thermus Group

The signature sequences discussed thus far have allowed us
to reconstruct the evolutionary history from monoderm pro-
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Gram-

Archae- N negative

bacteria bacteria

positive
Low G+C

168 223
~E. coli 121882 VNGSSGIAVGMATNIPPHNLTEVINGCLAYIDDEDISIEG LMEHIPGPDFPTAAII
K. pneumoniae 43808 SRRl SRR R e Rttty R---VE--E----- = --------e-eom-o-
Aer. salmonicida 1346229  ----secccne- W---meeoe- IV----- L-ENGNLT-DE --TY=Teeev-- G---
H. influenzae 1170144 A---m-m-co-eeeconn- N--Lesesonn- KNE-T-DE --Q-----sesee- L-
Pse. aeruginosa 1346237  -------cc--m-mo-nnes G---D----LM-NP-LTVDE --QY---o----- G--
G' Nei. gonorrhoeae 529408  --secececccmm-ceeno-- DT--A--RLL-EPKTE-DE -IDI-QA-----G-T~
Ri. prowazekii 729651 e ‘CEETTLLTLPEEETE G-1-DA-CL---NH--E-LD -L-WVK------ GSM-
Rho. sphaeroides 1835202 ---AG---=meessemmsns G--VDAT--M-ENP---T-R e R GGV-
Hel. pylori 508471 <--AN-------- §----RID-1-DALAHVLENPNAELDE IL-FVK------ GG--
Camp. jejuni 417099 Lomeooemmmmommes $-N-L-D-L-YLL-NK-A-L-E 1-QF-K------ 66--
Bor. burgdorferi 2688338  -------------- MA----R-I1CDAIVYML-N-NA--FD -LKIVK------ FGE-
Lsy. sp. 1001649  I-=--cscoeomoomonns G---D-AI-L-RNPE-TEQGE ERL-} EERRREEE G-a-
~Myc. leprae 1262357  A---G-----------sees Y-LADAVFWCLENH-ADE-T [MLVA | V- -RVK~------ GL-
G+ Myc. tuberculosis 466275 A---G===-=-r-mm-mm- R-LADAVFWALENH-ADE-E|TLAA|V-GRVK----=-~-- GL-
High | Myc. smegmatis 1346234  A---G-------e-mm---- G-LAEAVYWCLENYEADE-A | TCEA|V--RVK------ SGL-
L str. coelicolor 544465 I---A-----mmmnemoes R--AA-AQW-LENYEA-H-E [LLDA|-1-R-K------G-LV
T. maritima 2645226  1--A------eesemn-nn- S-TVDALIYL--HPEATV-E --QF-K--=-=-G-W
—Sta. aureus 540542 A--A------commmoooooes L---V-SLSKNP----AE “--D-E------- GL-
Bac. subtilis 121881 ---AR--------=----Q-G-1-D-V--VSENP--T-PE Ebl AREREEEEE Ga-
(;'+ Clo. acetobutyl. 1790876  ----A-----------ooe- G---D-ITML--NPEAT-LE --AQ-K--=---- G--
Low | strep. pneumoniae 1490402  ----T--SA-Y--D------A---DAAVYM--HPTAK-DK ---FL------- G---
M. genitalium 497648 A----------5-§--§---§-L-A-LIML--NPQCTFQE -LTV-K------G-N-
L M. pneumoniae 1673810  A----------8-§--8---§-L-Q-LILL--NP-CT-ND -LGV-K------G-N-
A Halo. sp. 478849  --------ee- §-------- G--VDAAVEL-ENP-ATVAD ~  ----- K-=---- G-N-
|:Archaeo. fulgidus 2650163 [--------om--- M----- A--CE-11---QNPE--V-E --KYVK=-=-=---- GGV-

FIG. 15. Signature sequence (boxed) in the DNA gyrase A subunit which is specific for the high-G+C gram-positive group. As indicated in the top diagram, this

signature was probably introduced in the branch leading to this group.

karyotes (i.e., archaebacteria and gram-positive bacteria) to
the very early stages in the development of gram-negative
(diderm) bacteria. I now present evidence that among the
gram-negative bacteria, cyanobacteria constitute one of the
deepest-branching divisions specifically related to the Deino-
coccus-Thermus group. The signature sequences that are help-
ful in establishing the phylogenetic position of cyanobacteria
are present in a number of different proteins. These proteins
include FtszA, in which a 1-aa insert is present in various
proteobacteria and spirochetes but not in any of the archae-
bacteria, gram-positive bacteria, Deinococcus, cyanobacteria,
and chloroplast homologs (Fig. 17a). Likewise, in the gluta-
mate dehydrogenase (GDH) sequences, a 3-aa insert is present
in various proteobacteria, bacteroides, and spirochetes but not
in any cyanobacteria, Deinococcus, gram-positive bacteria, or
archaebacteria (Fig. 17b). The species distribution of these
signatures indicates that they were introduced after the evolu-
tion of cyanobacteria in a common ancestor of the various
other divisions of gram-negative bacteria.

The signature sequences in the above proteins, which define
a clade consisting of archaebacteria, gram-positive bacteria,
Deinococcus-Thermus, and cyanobacteria, reinforce the view
that archaebacteria and gram-positive bacteria are close rela-

tives and that within gram-negative bacteria, cyanobacteria
constitute one of the deepest-branching lineages. This infer-
ence is in accordance with the results of detailed phylogenetic
studies based on a number of different gene sequences includ-
ing Hsp70 (99, 103), Hsp60 (96, 98, 246), RecA (55, 131, 247),
and 16S (33, 250) and 23S (48) rRNAs. In the case of Hsp70
sequences, for which sequence information is available from
most bacterial phyla, a strong affinity of cyanobacteria to the
Deinococcus-Thermus group was observed in both neighbor-
joining and parsimony trees (bootstrap values, >99%) (103).
Furthermore, a clade consisting of Deinococcus-Thermus spe-
cies and cyanobacteria showed the deepest branching within
gram-negative eubacteria and exhibited the closest relation-
ship to the gram-positive bacteria. Similarly, a strong affinity of
gram-positive bacteria to cyanobacteria (grouping in 99% of
bootstraps) has been observed in the phylogenetic trees based
on the GroEL-Hsp60 family of protein sequences (Fig. 11) (96,
98, 246). The members of other divisions (such as green non-
sulfur bacteria and spirochetes) branched after this clade. A
close relationship of cyanobacteria to the gram-positive bacte-
ria has also been proposed based on the significant segment
pair alignment scores in the RecA protein sequences (131) and
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—w[ Gram-
negative
bacteria

186 ] 226

—E. coli 1786265 AASGRPGPVVVDLPKD ILNPANKLP [YVIWPES VSMRSYNPTTTG HKGQI

H. influenzae 1170548 -8T--------- [---TV--NF-Y-{-E|Y--Y -EL------ VN- -----

()tllel'(;: C. crescentus 408938 ~TT------ L1-1---VQFAK GEY|FG|PG-V A-THA-A-R-K- DA-R-

Sp. platensis 322057 -ST-=~--- LI-V---VGLEEFDYI|P-[N-GE --LPG-R--VK- NVR--

Bacteria Aqu. aeolicus 2983101 -RT------ L------ VTQQIADVK | 1P |SD-E-KAALPG-K-HVE- NPQ--

Synechococcus sp. 226945 -Q------- LI-V---VGTEEFDYV{P- |A-GD IRLPG-R---R- NPR--

L Synechocystis sp. 1653060 -ST-===-- LI-1---VGLEECEYI|PL|D-GD -NLPG-R--VK- NPR--

Thermus Ther. aquaticus 1311482 -8T------ LI-=-=- VQLAEFTGE '"— FDVE LDLPG-K--LR- -PK--

—Myc. avium 1196507  ------ ARCS--1---V-QGQACTFS --PR IHLPG-K---KP -SR--

Myc. tuberculosis 2791600 -------A-L--1---V-QGQCTFS --PR MELPG-K-N-KP -SR-V

Myc. leprae 2414546 -§-----A-L--1---V-QGQC-FS --PK MDLPG-K-N-KP -NR--

Cor. glutamicum 1170544 -1T------ L--1---VQ-AELDFV --PK IDLPG-R-VS-P -AR--

(;‘+ Str. avermitilis 642663 -8T------ L--IA--A-QARPPSS G-PT PDLPG-R-V-KP -AK--

Bac. subtilis 585313 “TTe-v--- LI-I---VATIEGEFS YDHE MNLPG-Q---EP NYL--

Strep. pneumoniae * “TT-=en-- LL-F----XTAEGEFN Y-DT -EIPG-K--VK- -PK--

T. maritima * -TT------- I------ SALETDFI YSPE -NLP--Q--LEP NDM--

L. lactis 400050 -RT------ El----- VSTLEVTEI NDP- LNLPH-HESEKATDE -L

- Leu. mes. cremoris 1857046 RAEEEEEE LI----SVMLAKDTEE SQAD IWL-QIDTQKPDVDAV--
( ) 155 217
E.coli P17242 TPLITASDTEGAGEMFRVS | TLDLENLPRNDQGKVD | FDKDFFGKESFLTVSGAL
Other G* | H.influenzae P43829  memmmeememmmmooeooofiooooooe- SEN----|-8Q--=------------
. Hel.pylori 2313739 --1LSKTTP---RDYLVP- RVHE-EFFA-PQ-P--
Bacteria Bor.burgdorferi 2687998 --1--SN-Gm===----~-~ --KFNK- N-ALSNI-|-KD===---A--§-T---
Synechocys. sp. D64006 --1----- C----DL-K-T|----QRV-K-GE- I-]|YSQ----- QAY-------
Aqu. aeolicus 2984003 --FL-K-TP---RDFLVP- RLHP--FYA-PQ-P--
Thermus 70 aticus X91009 -~FL-K-TP---RDFLVPY RHEP-LFYA-PQ-P--
— My capricolum 530412 --YFAK-TP---RHFLVP- RLNKN-FYA-PQ-P--
Myc. leprae 549025 --T--R-TP---RDFLVPA RLRP-TFYA-PQ-P~-
Myc.tubreculosis 1470240 --T--R-TP---RDFLVPA RLHP-SFYA-PQ-P--
(;'+ M: genitalium P47359 S-IL~SN-C-----T-VIK DSET--N-TT------- F
M+ .pneumoniae 1674281 S-1L-SN-C-----T-ELK QG-E--N-TTY------ F
Bac. subtilis L47709 P-IL-G-AP--TT-L-ATK Y-DEDAY-SQ-~---
L Ltac. delbrueckii X89438 A--LMH-AP--TT-L-HID Y-NHDAY-8SQ----
—Me. jannaschii 1592183 --KLV--C---GT-L-PI1- Y-ER-A--GQ-P--
Meth. thermauto. 2621273 --KLV--A---GT-L-PIT Y-ER-A--GQ-P--
Archaeo. fulgidus 2649677 --K-VSTA---GT-L-PI- Y-E--A--NQ-P--
A Pyrococcus sp. D45167 --K-I-TA---GT-L-PMK Y-EEDA--AQ-P--
Halo.volcanii 2564054 --K-V-TG---GT-L-PIT Y--Q-A-MNQ-P--
Hal.salinarium 2209068 --ELSTAGA--GADL-P-V YYD--AY-SQ-P--

FIG. 16. Signature sequences (boxed) in acetolactate synthase (a) and asparginyl-tRNA synthetase (b) showing a grouping of the Deinococcus-Thermus species with
archaebacteria and gram-positive bacteria. Similar to the Hsp60 protein (Fig. 10), these signatures were introduced in an ancestral gram-negative lineage after the
branching of the Deinococcus-Thermus group.

the presence of a G residue at position 1207 in these groups in which removes the four cysteine-rich repeat domains that are

the 16S rRNA (250). present in all other prokaryotic and eukaryotic homologs (Fig.
In addition to these sequence signatures, which are useful in 18a) (27). Likewise, in the elongation factor EF-Ts sequences,
understanding the evolutionary relationships of Deinococcus- the homologs from Deinococcus-Thermus and cyanobacteria

Thermus and cyanobacteria to other prokaryotes, a number of harbored a deletion of 55 aa that is not present in other
other proteins contain yet another kind of signature sequence prokaryotes (Fig. 18b). Two other proteins where signatures
that is unique to only the Deinococcus-Thermus group and unique to only these groups of prokaryotes are found are the
cyanobacteria and is not found in any other prokaryotes. In the protein synthesis elongation factor EF-Tu (Fig. 18c) and DNA
DnalJ-Hsp40 family of proteins, the homologs from Deinococ- polymerase I (Fig. 18d) (106). The presence of these uniquely
cus-Thermus and cyanobacteria contain a large deletion (68 aa) shared sequence signatures in the Deinococcus-Thermus and



cyanobacterial phyla provides evidence of a close and specific
evolutionary relationship between these two groups. These
results also suggest that these two groups of organisms had a
common ancestor exclusive of all other prokaryotes. However,
this inference is difficult to reconcile with the signature se-
quences in other proteins (Hsp60, acetolactate synthase, and
asparginyl-tRNA synthetase [Fig. 10 and 16]), which indicate
that cyanobacteria and other gram-negative bacteria had a
common ancestor exclusive of the Deinococcus-Thermus group
and that the Deinococcus-Thermus lineage is more ancestral
than cyanobacteria. To account for these observations, it is
necessary to postulate that cyanobacteria and the Deinococcus-
Thermus group are themselves not the direct ancestor of other
gram-negative bacteria but branched off from the early ances-
tors as shown in the diagram in Fig. 18. Furthermore, to ex-
plain the presence of common sequence signatures in these
groups that are not found in any other prokaryotes, it is nec-
essary to postulate that some lateral gene transfers have oc-
curred between these groups, as shown by the thin dashed
arrow in Fig. 18. The possible significance of such lateral gene
transfer events is discussed below (see “Evolutionary relation-
ships within prokaryotes: an integrated view based on molec-
ular and phenotypic characteristics”).

Signature Sequences Defining Proteobacteria and
Some of Their Subdivisions

The proteobacteria, named after the Greek god Proteus and
meaning “capable of assuming many different shapes” (225),
comprise one of the largest divisions among gram-negative
bacteria. This group of bacteria, also called the “purple bacte-
ria and relatives,” exhibits diverse properties and is currently
defined based mainly on the 16S rRNA phylogeny and signa-
ture sequences. Proteobacteria comprise more than 200 genera
and have been divided into at least five subclasses: alpha
through epsilon (177). However, the taxonomic relationship
among proteobacteria, which include a very complex assem-
blage of phenotypic and physiological attributes, remains ill
defined and has been a cause of concern (177).

In the present work, although the signature sequences that
may be useful in defining proteobacteria and its subclasses
have not been examined in detail, I have identified some sig-
nature sequences that are useful in defining the proteobacte-
rial group and some subdivisions within it. The first signature
that is present in all proteobacteria examined, including mem-
bers of all five subdivisions, consists of a 2-aa insert in the
Hsp70 sequences (Fig. 19a). Interestingly, this signature is also
present in the Hsp70 homolog from Thermomicrobium roseum,
which is a member of the division “green nonsulfur bacteria
and relatives.” The branching position of the green nonsulfur
bacteria, which consists of only a few species (Thermomicro-
bium, Herpetosiphon, and Chloroflexus species) in different phy-
logenies, including rRNA and Hsp70, has not been satisfacto-
rily resolved (103, 184, 250). Hence, the above signature
sequence, which is uniquely shared by various proteobacteria
and a green nonsulfur bacterium but not by any other eubac-
terial groups, including cytophagas, flavobacteria, chlamydiae,
spirochetes, cyanobacteria, Deinococcus, Thermus, and
Agquifex, provides the first reliable evidence that some members
of the green nonsulfur group of bacteria show a specific rela-
tionship to proteobacteria compared with the other divisions of
eubacteria. The second signature sequence consists of a 4-aa
insert in alanyl-tRNA synthetase, which is present in various
species examined from the alpha, beta, gamma, and epsilon
subdivisions of proteobacteria (Fig. 19b). Thus far, no se-
quences are available for this protein from members of the
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delta subdivision or green nonsulfur bacteria. These signature
sequences were probably introduced into a common ancestor
of proteobacteria after the branching of chlamydiae, cytopha-
gas, and related species (Fig. 19a), and they could be used to
define the proteobacterial group.

Another group of signature sequences that I have identified
provides evidence that the members of the beta and gamma
subdivisions are distinct from those of the other three subdi-
visions. The first of these signature consists of a 4-aa insert in
a highly conserved region of Hsp70 (Fig. 20a) that is found
uniquely in all members of the beta and gamma subdivisions
that have been examined. A 1-aa insert in a highly conserved
region, which is specific to only the members of the beta and
gamma subdivisions, is also present in DNA gyrase A (Fig.
20b). A close affinity of the bacterial species for the beta and
gamma subdivisions has also been observed in phylogenetic
trees based on a number of genes and proteins, including SSU
and LSU rRNA (48, 184, 250), Hsp60 (96, 246), Hsp70 (56,
103), RecA (55, 131), and sigma 70 (94). The signature se-
quences described above could be used to define the pro-
teobacterial group and to distinguish members of the alpha,
delta, and epsilon subdivisions (as well as Thermomicrobium
roseum) from those of the beta and gamma subgroups (Fig. 19
and 20). These two proteobacterial groups are referred to as
proteobacteria-1 and proteobacteria-2, respectively, in the re-
mainder of this review.

Nature of the Archaebacterial Group and Its Relationship
to Gram-Positive Bacteria

One of the main premises of current evolutionary thinking is
that archaebacteria comprise a monophyletic group and that
they are completely distinct from other prokaryotes (54, 183,
187, 250, 258). The uniqueness of archaebacteria is indeed
supported by signature sequences in a number of different
genes and proteins and by the major differences seen between
archaebacteria and eubacteria in the information transfer pro-
cesses (i.e., replication, transcription, and translation) (9, 47,
54, 144, 158, 183, 197). Several other characteristics of archae-
bacteria, including the unusual ether-linked nature of their
membrane lipids (127, 133), are also consistent with this view.
While these molecular features and characteristics point to the
differences between archaebacteria and other prokaryotes, it is
essential that we critically examine this relationship to under-
stand the significance of these differences and the overall re-
lationship of archaebacteria to other prokaryotes.

Within archaebacteria, phylogenetic analyses based on
rRNA and EF-1 and EF-2 sequences have identified two main
groups: Crenarchaeota and Euryarchaeota (149, 153, 184, 198,
250, 258). These groups are also distinguished from each other
based on a signature sequence in the EF-1a/Tu protein, iden-
tified by Rivera and Lake (198). The Crenarchaeota consist
almost exclusively of sulfur-dependent thermoacidophilic ar-
chaebacteria (250, 251, 258), and these genera are referred to
as “eocytes” by Lake and coworkers (149, 154, 155, 198). The
Euryarchaeota are phenotypically very diverse and have no
specific physiological attribute. As indicated by Woese (253),
this group is a “potpourri of all the archael types” and contains
members from all phenotypically diverse archaebacteria in-
cluding extreme halophiles, methanogens, sulfate-reducing ar-
chaebacteria, and sulfur-dependent thermoacidophilic archae-
bacteria. It is important to note that within the Euryarchaeota,
members of different physiologically diverse archaebacterial
phenotypes (halophiles, methanogens, thermoacidophiles, etc.)
are not resolved from each other but show polyphyletic branch-
ing within three main clusters of methanogens (the Methano-
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coccales, the Methanobacteriales, and the Methanomicrobiales)
(184, 250-253). Likewise, the Crenarchaeota also does not
unite all thermoacidophiles, and members of the orders Ther-
moplasmales, Thermococcales, and Pyrodictales, which are sul-
fur-dependent thermoacidophilic archaebacteria with similar
phenotypes to Crenarchaeota, branch within the Euryarchaeota
group (184, 250-253). Thus, the two main archaebacterial
groups are merely phylogenetic constructs and they do not
separate or cluster the diverse groupings of archaebacteria.

Of the two archaebacterial groups, Crenarchaeota has been
proposed to be ancestral (253, 258). This suggestion is based
on the observation that both archaebacterial groups contain
members which are thermophilic, anaerobic, and sulfur metab-
olizing, and hence these characteristics, which are common in
most members of the Crenarchaeota, are ancestral (253, 258).
Lake and coworkers (148, 150, 155) have reached a similar
inference independently. Based on the observation that ribo-
somes from this group of archaebacteria had certain distinctive
features that were not present in other groups of prokaryotes
but were shared with the eukaryotic ribosomes, Lake has pro-
posed that the traits of this group are primitive and calls them
“eocytes” (meaning dawn+cell) (148, 150, 155). Lake’s pro-
posal divides the prokaryotes into two groups, one consisting of
only eocytes and the other encompassing all of the halophiles,
methanogens, and different divisions of eubacteria (148-150,
155). However, the view that Crenarchaeota is the ancestral
lineage of the two archaebacterial groups is not supported by
the signature sequence present in the EF-lo/Tu protein.
Rivera and Lake (198) have described an 11-aa insert that is
present in various members of the Crenarchaeota as well as in
all eukaryotes but not in other prokaryotes. An alternate align-
ment of the same sequence region shown in Fig. 21 suggests
that the length of the insert in Crenarchaeota may be only 7 aa
rather than 11 aa as originally proposed (198). A vestigial
insert of 2 to 3 aa is also present in the same position in some
members of the Euryarchaeota. However, the length of the
insert (7 or 11 aa) or the presence of a vestigial insert in some
other archaebacterial species does not change the main infer-
ence to be derived from this sequence signature. The impor-
tant point here is that based on evidence presented above, the
root of the prokaryotic tree has been placed between archae-
bacteria and gram-positive bacteria. The fact that this insert is
not present in any gram-positive bacteria or in members of the
Euryarchaeota but is found only in the Crenarchaeota group of
archaebacteria (Fig. 21) strongly indicates that the absence of
this insert (common to all eubacteria and members of the
Euryarchaeota) is the ancestral phenotype. Hence, of the two
archaebacterial groups, Euryarchaeota is ancestral (Fig. 21 di-
agram).

Current evolutionary thinking based on SSU rRNA shows a
monophyletic nature of the archaebacterial domain and led to
the view that archaebacteria constitute the third domain or
form of life, but this view is not universally supported by all
gene and protein phylogenies. Alternate phylogenetic trees can
be based on a number of different proteins including some of
the most conserved proteins found in the biota (Hsp70, GS I,
GDH, and the hisC, hisF, hisH, trpB, and trpD products); in
these trees the various archaebacterial species do not form a
monophyletic group but instead show polyphyletic branching
within gram-positive bacteria (10, 21, 22, 99, 103, 104, 108,
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240). In Hsp70 trees, homologs from halobacterial species
branched with the high-G+C gram-positive group whereas
homologs from some methanogenic (and often thermoacido-
philic) archaebacteria grouped with the low-G+C gram-posi-
tive bacteria (108). The observed polyphyletic branching of
archaebacteria with gram-positive bacteria has been shown to
be reliable, and in studies where different alternative tree to-
pologies were considered, a polyphyletic branching such as that
observed was strongly preferred over a monophyletic grouping
of all archaebacteria by different phylogenetic methods (73,
104, 108). Similar relationships are adduced from signature
sequences in some proteins (Fig. 13). Additionally, in dihy-
droorotate dehydrogenase, various members of the low-G+C
gram-positive bacteria as well as methanogenic and thermoaci-
dophilic archaebacteria lacked a 2-aa insert that is present in a
halophilic archaebacterium and mycobacterial species (Fig.
22). It should be noted that the G+C content of halophilic
archaebacteria is in the range of 66 to 68% whereas that of
methanogens is <50% and generally in the range of 30 to 40%
(229). This 2-aa insert is also present in various gram-negative
bacteria, supporting the evidence derived from other signature
sequences (see “Signature sequences distinguishing between
low-G+C and high-G+C gram-positive bacteria and pointing
to a specific relationship of the latter group to the gram-
negative bacteria”) that within gram-positive bacteria, mem-
bers of the high-G+C group are the closest relatives of the
gram-negative bacteria.

The above observations raise important questions about the
true relationship between archaebacteria and gram-positive
bacteria. While some genes and proteins provide evidence that
archaebacteria are distinct from other prokaryotes and the
primary division within them is between Euryarchaeota and
Crenarchaeota, for a number of other genes the archaebacteria
do not form a monophyletic group but instead show polyphyl-
etic branching within gram-positive bacteria, with the halo-
philic archaebacteria showing affinity for the high-G+C group
and some methanogens branching with the low-G+C group.
To explain these results, it is necessary to postulate that some
lateral or horizontal gene transfers have taken place between
these two groups of prokaryotes. Although the exact nature of
the gene transfer events between these groups remains un-
clear, the observed results could be explained by two different
scenarios (Fig. 23).

The first scenario (I in Fig. 23) assumes that archaebacteria
are indeed a monophyletic group distinct from gram-positive
bacteria. In this case, to explain the observed results, one has
to postulate that genes for many of the proteins for which
archaebacteria show a polyphyletic branching within gram-
positive bacteria (e.g., Hsp70, GS I, GDH, the hisC, hisF, hisH,
trpB, and trpD products, and dihydroorotate dehydrogenase)
have been transferred from low-G+C gram-positive bacteria
to methanogens and thermoacidophilic archaebacteria and
from high-G+C gram-positive bacteria to the halophiles. At
the same time, the corresponding genes from the archaebac-
teria (if any unique genes for these proteins were present in
archaebacteria) have been lost. The alternate scenario (II in
Fig. 23) to explain these results assumes that archaebacteria
are indeed closely related to gram-positive bacteria, as sug-
gested by some of the most highly conserved proteins, and that
they may have evolved from specific members of low- and

FIG. 17. Sequence signatures in FtsZ (a) and glutamate dehydrogenase (b) showing the relatedness of cyanobacteria (and chloroplast homologs) to gram-positive
bacteria and archaebacteria. As shown in the diagram above, these signatures (boxed) were probably introduced in a common ancestor of other gram-negative bacteria

after the branching of cyanobacteria.
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Gt I:M. genitalium 1352351  A-MV-1-S------- NQELKE-S-LM-EKIFEK-NP-TEL~- IE-1-INNDEKVS-KLALIAS-TD-K-VL-~
Spiro. citri 119192 Q--F---SE------ NKQ-KDLMAT-GETLINN DP-T VED---VSVN GEPL-TVI-HAI-T---K-TL--
Cyanophora caldarium 429172 -VLV----E----- RRNE-KD- -
Cyano. & [Por- purpurea 1276714 -VLV----E----- RRPE--KL~
Sy. sp. PCC6803 1653231 -VLV----E----- RGDR-KDLV
Thermus Ther. aquaticus 1169484 -VLV-L--E-----RNEL--NL-
135 197
Other G- [E* coli 1208943  VAALE GD VLGSYQH GARIGVLVAAKGA DEELVKHIAMHVAA SKPEFIKPEDVSAEVVEKEYQV
H. influenzae 1169482 --Y-D -Q -1A@-L- “-K=--- GE-S AD-= -KV-===<= =---- VN-mememnees H-R-1
Bacteria Chl. trachomatis 1518661 ALYTPVNSNQSV-1-S-GN  -KAVALVFLSGSDKQ-A-A-D----1V- -Q-@-LSK-$-PQ--L-R-RE-
L sp. platensis 462002 A-1-S AESA--A-V- -GK-=---- L--G -~A-GRDV------ VA-QVVN-SE-PESDL-R-KEI
+ Myc. tuberculosis 1706595 --1FD - TVEA-L-RRSADLPPAV----EYR-D -AAAAHAV-LQI-- LRARYLSRD--PEDI-AS-RRI
G I:M. genitalium 1352351 -VVF-TKTNQIFT -L-ANK ----11E1Q-KLN-DDG--L~-~-1-- NS-Q--D@S--NQTWLQN-RNI
spiro. citri 119192 FKTVHLKT-QS--V-L-SNN --ATVLIFS-KI--TIG-QL----S- MR-Q--SRD-1-VDFLNS-KPI
— Cyanophora caldarium 429172 - -D---Q1--SPSV-Y-TFN-1P--11---KKI
Cyano. & | Por. purpurea 1276714 -D-=-QI--CPNV-YVSMMHI -D-TISL-KRI
Sy. sp. PCC6803 1653231 NDV--QI - -CPNV-YVSVA-1PQ-M-A--KEI
Thermus L yher, aquaticus 1169484 -DL---[-M MN-RYVSA-EIP--EL---R-I

FIG. 18. Sigr}ature sequences in DnaJ (a),‘ EF-Ts Protein (b), EF-Tu protein (c), and DNA polymerase I (d) that are unique to only the Deinococcus-Thermus group
gnd cyanobacteria. T'o explain the presence of these signatures (boxed), as well as those in Fig. 10 and 16, it was suggested that these signatures were introduced initially
into the branch leading to cyanobacteria (thick arrow) and then laterally transferred to the Deinococcus-Thermus group (thin dashed arrow). The alternate possibility,

that these signatures were first introduced into the branch leading to Deinococcus-Thermus and then transferred to cyanobacteria, is also possible. Panels b through
d reproduced from reference 106 with permission of the publisher.
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high-G+C gram-positive bacteria, as suggested by these phy-
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— 887
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AR{RPL-AQLLL-----~ 1--
LJ-syaT--LL------ 1--
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— DAIGA--LL-==--- Li-
KE|--LOA-LLL---=-- 1L-
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]

FIG. 18—Continued.

of the halophilic (high-G+C) and methanogenic (low-G+C)

archaebacteria (229). In this case, to account for the results
from different gene phylogenies, one has to postulate that the

genes for many functions that indicate a monophyletic nature

of archaebacteria were transferred from one or more gram-
positive bacteria that originally evolved such changes into oth-
ers. This latter scenario, if true, suggests that the earliest pro-

karyote was a low-G+C gram-positive bacterium.

Both of these possibilities could explain the observed results,
and neither should be dismissed a priori without serious con-
sideration. In the past, supporters of the three-domain pro-

Possible Selective Forces Leading to Horizontal

Gene Transfers

1465

posal have favored the first of these possibilities (7, 21, 53, 183,
216), and the alternate possibility has not been considered.

From the signature sequences that I have described thus far,
it should be evident that the horizontal gene transfer between
species is not all that common. If this was occurring commonly

and indiscriminately between species, the clear distinction be-

tween different phylogenetic groups that we have observed
based on signature sequences in different proteins would not
have been possible. These results are at variance with the
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Proteo-
Archac- e o - bacteria
bacteria
Deino Cyano-
coccus- .
Thermus bacteria
(a) 54 — 106
r E. coli SP/P04475  AKRQAVTNPONTLFAIKRLIGRRFQD|EE VQRDVS IMPFKIIAADNGDAWVEVK
F Sal. typhimurium 1389758 el R R Y---G------- LD--
Y H. actinomycet. 1169375  -v--cnaen K=vocommmaannan E-[--[-K--ID =-=-A-TK---cvcummu-
H. influenzae 1542849  ----- I---K-mmmemmeneo ES{--]|---~IK ----E-TR--~----- N--
H. ducreyi GB/U25996  ----- I-=-K-mmomomeceaaas T-IN-}----1E ----E-AK-------~ N--
- F. tularensis 1352284  --------- D--F---mcmuen KYD- |KA|--E-IKKKV-YAV-K-------- AT-
Pse. cepacia GB/L36603  ----§----K----- \AEEERTEE EE|K-1--K-1G L--Y§--K---~----- GH
Proteo- ﬁ L e, europea 2094746 ------e-n Emmcemmmmaeaaas DE(-V|--K-1- VT-Y--VR---N---1-AR
1 r R. meliloti GB/L36602  --------- [ T-E-[PT|T-K-KG MV-Y--VK------n-- AH
bacteria B. ovis 1027506  --------- EG----V---L---YD-|PM|-TK-KD LV-Y--VKG--===~--~ H
C. crescentus GB/M95799  --------- EEEEEERT LT TAS- [PV|-EK-KG MV-YRSSR-RA----~ KAH
o Rhodopseudomonas sp. 2058265 @ --------- ER-F--V-v-uu-- YD- |PM[-EK-KG LV-Y--VK-S---=---- AD
Brad. japonicum 1769954  -----ee--- ER-F--V--=n--- YD- [PM|-EK-KK LV-Y--VK-S------- AD
A. tumefaciens SP/P20442  --------- T----- Vommon-- YE- |PT|-EK-KA LV--E-VKG------- KAQ
~ Rho. capsulatus 1373328  --------- T--V--V-moonnn TT-|A~[-EK-KK LV-YN-VDGG---~--~- R
6 € [ Myxo. xanthus 1805284 m---=l---E--V--A------K-DS|P- |GKKAIG VS§---VASSP------- IR
Thermo- # ’ Hel. pylori 2072520  --------- EK-1YS---1M-LM-NE |DK |AKEAEK RL-Y--VD R--ACAI-IS
microbium T ——— The. roseum 1813674  ----- 1---E--1YS---FM----p- fj'"”'( LV-YQVRR-Q- - GVA-KMG
Flavobacteria, ~ Fl. ferrugineum AFO13111  ----- I------ ITSV--FM--G-NE -TEEI- HWSY-VAQG--NTVRIDID
Cyto. aquatilis AF013110  --------- TK-1AS---FM-HT-AE TTNESK RVSY-VVKGVQQYSTCDID
Cytophaga, Chl. trachomatis SP/P17821  --------- EK--AST--F---K-SE  -ESEIK TV-Y-VAPNSK---VFD-E
Chlamydiae and Chl. pneumoniae SP/P27542  ---e----- EK--GST--F---KYSE  -ASEIQ TV-YTVTSGSK---VF--D
Spirochetes — Bor. burgdorferi SP/P28608  --N-M----E--1YS---FM----EE ~ASEIK MV-Y--EKGL----R-NIS
~ Anab. variabilis 2073390 “R--T-L-----F~-V--Y----YNE LSPESK RV-YT-RKD-V-NIK-ACP
Syn. sp. PCC7942 (1) GB/D29668 -R--L-L--R--FAN---F----YDE LTDESK RV-YTVRRDPE-NVRIVCP
: Syn. sp. PCC7942 (2) GB/D28551 ------ M--E--FYSV--F----PDE -TNELT EVAY-VDTSG-A VKLDSS
Cyan()ba“ena Sy. sp. PCC6803 (1) SP/P22358  ------ M--G--FYSV--F---K-DE ITNEAT EVAYSVVKDG--NVKLDCP
- Sy. sp. PCC6803 (2) 1001148 -=--$---AE--VYS---F----WD- TVEER- RV-YNCVKGRDDTVS-SIR
Deinococcus r D. proteolyticus 1813672 -R---AL---A---EV--F----WDE -KDEAA RS--TVKEGPG-SVRI--D
and Thermus Ther. aquaticus GB/Y07826  ------ L--EG-I1-E---F-----EE  --EEAK RV-Y-VVPGPD-GVR----
57 100
E. coli 145220 RNYSRATTSQRCVRA | GGKH |NDLENVGYTARHHT FFEMLGNFSFG
H. influenzae 1174496 -P------ A----- L el e R LR
PrOteO-ﬁ,Y Vib. cholerae 2500962 “A-Tmmm-fmmmmmef oo oo Fommmommmmcceeaas
Thio. ferrooxidans 1263913 “P~R--V8==--M--|-mm-fommmmm oo
Pse. aeruginosa 2656129 LSt G b bl R R e e LR
Bar. bacilliformis 1568622 HS-N----A-K----|---- ---g """"""""""" S
-0 € R. meliloti 135092 “Po-T-A-A-K-===f--omfmmeDoomoomoo oo
Proteo-o, [Hel_ pylori 2314404 PSIP--AS--L-M--|----|-=-mcecnmaan Lo-ommmonee
Bombyx mori 135089 AQ-I-VVUNT-K-1--|-~~~[---DD--KDVY------- M--W---
E Ls. cerevisiae 1711623 YTLK--YN--K-I==|--=-[----D--KDSY---------- W---
Bor. burgdorferi 2688110 PSGDMLVNV-K-L-T G-IDE--RDLS-L--------w-L-
- Syn. sp. PCC6803 1653611 AEFP------K-I-T IR R Sk bbb bbbt
Other G [T:er. gquatics 1565288 ~EWR-V--C-E-L-V G-I----R-S-=N-Y--=-------
Bac. subtilis 2635186 PENP- IVNA-KAI-T AL St b I-
Myc. tuberculosis 2213532 PP-PT--SI-K-1-T P-IDE--1-T--N---Q-A---~--
M. genitalium 1351145 PPSK-LVNA-I-L-V --1-=--F-$--Q-L--------1-
G* M. pneumoniae 2500958 PPSK-LANA-1-L-V =-1----F-$--Q-L--------I-
M. capricolum 530410 PPSP-L-N--KAI-T RS EEEEL EEEE T M-------- I-
spiro. citri 2316010 PPSP-L-N--KSI-T LSRR Lo--ommee I-
Archaeo. fulgidus 2648270 PPANPL-I--P-1-L D--DS--R-G--L-L---MAHHA-N
A I:Met. thermoauto. 2622813 PPANPLVVA-PSI-L --VD---R-G--L-C-T-G-HHA-N

FIG. 19. Signature sequences (boxed) in Hsp70 (a) and alanyl-tRNA synthetase (b), defining and distinguishing proteobacterial group from all other divisions of
prokaryotes.
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Archae~
—4—{:)~—7

Gran- Deino Cyano-
coccus- ta
Thermus bactert
190 233
r — E. coli SP/PO44TS IAVYDLGGGTFDISIIEI |DEVD |GEKTFEVLATNGDTHLGGEDFD
Sal. typhimurium 1389758 ---
'Y H. actinomycet. 1169375 ---G
H. influenzae 1542849 -NF-
H. ducreyi GB/U25996 ~NF-
— F. tularensis 1352284 SD--|-DNQI---S----~ F---=----
Pse. cepacia GB/L36603 AD--|--M@----8----- F--=-----
Proteo- B Lyt europea 2094746 A-E|--H@----cen-ee Fommemms
bacteria - R. meliloti GB/136602 -DGV---KS=---- Foeemee-
B. ovis 1027504 -DGV---KS----- F---n---
C. crescentus GB/M95799 -DGV---KS----- F
o Rhodopseudomonas sp. 2058265 ~DGV---KS----- F
Brad. japonicum 1769954 -DGV---KS----~ F
A. tumefaciens SP/P20442 -DGV---KS----+ F
- Rho. capsulatus 1373328 DDGL---KS----~ F
Myxo. xanthus 1805284 NAGV---KS----- F
Thermo- 0,6 L yet- pylori 2072520 ~DNVV-----G--AF
microbium = The. roseum 1813674 §-GV-Q------Y-:TPLVH--
Flavobacteria, r FlL. ferruginfum A;g":gna -gG\\;--—KS-- °
Cyto. aquatilis A -DGV----§---=-----D--~
Cytophaga, chl. trachomatis sP/P17821 YA D---
Chlamydiae and Chi. pneumoniae SP/P27542 R R L-- -DGV----S--
Spirochetes L Bor. burgdorferi SP/P28608 Vor-ommemmmmee L-L -DGV---KS
— Anab. variabilis 2073390 -DGV---K--§---Q---N--~
Syn. sp. PCC7942 (1) GB/D29668 -NGV---K--8---Q---N-=-~
i Syn. sp. PCC7942 (2) GB/D28551 -DGV-----=-§-=----~ D---
(:yaDObaCterla Sy. sp. PCC6803 (1) SP/P22358 “L-F--------V--L-V “eGV--mme- S---=vn-- D---
L Sy. sp. PCC6803 (2) 1001148 -L-f--------V-LlLaL -NGV----S-S-NN----D--~
Deinococcus [ D. proteolyticus 1813672 -DGV---KS-S---8---A---
and Thermus Ther. aquaticus GB/Y07826 VL-F-------- VT-L-- --GV---K--§---~---§-M-
6 65
~E. coli 2160009 DSSSIKVLKGLDAVRKRPGMY 1GDTDD | G | TGLHHMVFEVVDNAIDEALAGHCKEITVTIHA
sal. typhimurium 1617217
Proteo-B,Y H. influenzae 1574369  GA--=------==se-co-oceesoan| oo ommm e e
Pse. putida 45694
L Nei. gonorrhoaea 121891
—Bar. bacilliformis 1766064 KA---LFS-11---M---V--YADL-DI-LDS
C. crescentus 2749947 SAAD-E--E--EP--- RA---LFA--L--SM---V--FA-T-E-KLD-
Proteo-u,5,€ Myxo. xanthus 2578422  GTD--TK-E-RE---- Yer-KL-Y=nen-- V--§--nn- TD-E-V--V
Hel. pylori 2501294 Q-H--~----- EG--r~------=-~ G----- Y------ V--SM--F-DT-NI-LTD
Bor. burgdorferi 454038 VA-N-Q----- Eesmmmmme-- SVSI N--~-L-Y¥----~ §------ AF-DR-D-1-NL
Other G l:Tre. pallidum 2102700  SA---T--E--E-----=----- §-GP  N--=-L-Y-----C----M--Y-DR-T-VLEQ
Sy. spe. PCC6803 2501296 GADQ-Q--E--EP---------- $-GP  K----L-Y--r--m--mmm-- Y-TH-EID-N-
~Myc. tuberculosis 1107468 GAA--TI-E--E--==~-=-----~ S-GE  R----LIW------ V---M--YATTVN-VLLE
Str. sphaeroides 1708090 NA-A-T--E-------------~ S-GE R----L-T----- SV------- ADT-D---L-
Str. coelicolor 544466 -A-A-T--E--------------S-GE R-~--L-Q----- SV------~ ADT-D---LP
Bac. subtilis 1405461 -ENQ-Q--E--E------=----- S-NS  K----L-W-1---S-------Y-TD-NIQ-EK
(; + Sta. aureus 1777317 GAGQ-Q--E--E-- R----L-W-1---§-------YANQ-E-V-EK
Strep. pneumoniae 1490401 -A-Q-Q--E--E-- E----L-W-1---8-------FASH-Q-F-EP
Clo. acetobutyl. 1790875 -E-Q-Q--E--E-----------T-GT  R----L-Y-I---§-------Y-SH-K-F--K
T. maritima 2118337 SAE---~---- EP--M------- $-GK  R----L-Y----- SV------ Y-DW-R--L-E
M. gallisepticum 1346261 -------- E--E----------- S-GE  E----- IW-1---S---~MG-FASFVKL-LED
Myc. smegmatis 1321898 GAD--TI-E--E-- R----LIW-=~---- V---M--FATRVD-K---
LSpiro. citri 462227 N-E--QI-E--E-I R----L-W-1---S---V--NFANK-KITLNK
A Halo. alicantei 121889 GAGR-Q--E--E------A R----L-Y¥----- S--------- DA-E-AL-E

FIG. 20. Signatuye sequences in H§p70 (a) a_nd DNA gyrase B (b) which appear specific for the beta and gamma subdivisions of proteobacteria. These signature
sequences (qued), in combination with those in Fig. 19, could be used to define and distinguish between proteobacterial subdivisions alpha, delta, and epsilon
(proteobacteria-1) and subdivisions beta and gamma (proteobacteria-2).
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(Eocytes) L Des.mobilis P41203 ~  -----ee-e-ee- I---SARK- [EFEAGMS |AEG--R---1--
~En.histolytica X83684 ------T----V-1-1--AGT- |EFEAGIS|KNG--R--1L-S
Rh.racemosus P14865 ------T----C-1-11-GGT- |EFEAGIS [KDG--R---L--
S.cerevisiae P02994 ------T----C-I-11-GGV- |EFEAGIS [KDG--R---L--
Eukaryotes Human PO4720 ------ T----C---1--AGV- |[EFEAGIS |KNG--R---L--
Tomato P17786 ------ T----C---11DS-T- |GFEAGIS|KDG--R~---L--
L Di.discoiedium P18624 ------ T----C----1-SPT- [EFEAGIA|KNG--R---L--
—Myc. leprae P30768 -==----A-M-G-I----A--- P----R--VL--
Str.coelicolor X77039 -------A-M-G-I----A--- pP------- VL--
Mi. luteus P09953 -------A-M-G-I----A--- P-A--R--VL--
T.maritima M27479 -------A-M-G-I----A--- pP----R--VL--
Sp.platenesis P13552 -------A-M-G-1---SAA-- P----R--IL--
. Bac.subtilis P33166 -------A-M-G-1---SAA-- p----R--IL-S
Bacterla M.genitalium P18906 - ------- A-M-GGI---SA--- p----R-~IL--
+ - E.coli P02990 -------A-M-G-1----A--- P----R--IL-G
G and G Pse.cepacia P33167 -------A-M-G-I--CSAA-- P----R--IL--
Bact.fragilis P33165 ---V---A-M-G-I[---A--- pP----R--IL--
Syn.sp. PCC7942 416944 -------A-M-G-I---SAA-- P----R--1IL--
Chl.trachomatis P26622 =------A-M-G-]---SA--- A---=--- IL--
Bor.burgdorferi p23125 -=-=--~A-M---1-L--ADS- AE------ LL--
Ri.prowazekii P48865 ==e===-~A-M-G-]---SAA-- P----R--IL--
L Chloro.auranticus P42472 -------A-M-G-I---SAP-- P----R--IL--

FIG. 21. Excerpts from EF-1a/Tu protein sequences showing a conserved insert (originally identified by Rivera and Lake [198]) that is present in various
Crenarchaeota archaebacteria (eocytes), as well as eukaryotic homologs, but absent in Euryarchaeota archaebacteria and eubacteria. This insert indicates that of the two
archaebacterial groups, Euryarchaeota, are ancestral.

recently developing consensus that the horizontal gene transfer
between species is very common (21, 118, 142, 143, 191, 236a,
260). For lateral or horizontal transfer of genes between spe-
cies to occur generally two related conditions are required.
First, the gene to be transferred should confer a selective
advantage on the recipient species. Second, a strong selective
environment favoring the growth and survival of the species
containing the transferred gene should exist. To understand
the nature of horizontal gene transfers that may have taken
place in the past, it is necessary to consider or speculate about
the selective forces that may have been operative or existed in
the primitive environment. Of the two possible scenarios for
gene transfer suggested above (Fig. 23), I cannot think of any
strong selective advantage that transfer of genes such as the
Hsp70, GS I, GDH, and dihydroorotate dehydrogenase genes,
from gram-positive bacteria will confer on the recipient ar-
chaebacteria (i.e., scenario I). On the other hand, a number of
observations can be cited which support the second scenario.

In this context, it is important to point out that the main
differences between archaebacteria and gram-positive bacteria
are with regard to the functions that are involved either in
information transfer processes (9, 47, 54, 144, 183, 197) or in
the synthesis of cell wall components and membrane lipids
(127, 133). These processes provide the main targets for the
action of many commonly used antibiotics, e.g., chloramphen-
icol, erythromycin, tetracycline, streptomycin, kanamycin, neo-
mycin, rifampin, actinomycin D, mitomycin C, adriamycin, no-
vobiocin, gentamicin, bacitracin, and polymyxins, produced by
different genera of gram-positive bacteria (6, 14, 179). Table 2
gives the site of action and the source of producing organisms
for several antibiotics. This list is not exhaustive, and there are
hundreds of less well studied antibiotics, produced by different
gram-positive bacteria, that act on these targets (79, 179, 204,
228, 229). The production of these antibiotics or secondary
metabolites by the producing bacteria provides them with a
great selective advantage over other biota. As noted by Cava-
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—E. coli 1788469
sal. typhimurium 585766
H. influenzae 1172786
G' Pse. aeruginosa *
Vib. cholera *
Nei. meningitidis *
Act. actinomycet. *
Hel. pylori 2314154
Sy. sp. PCC6803 1653716
LD. radidurans *
+ —Myc. leprae 1772707
A, G High Myc. tuberculosis 2104339
9 L Halococcous morrhuae! 322348
~L. lactis 1709950
Ent. faecalis 818705
G+ Bac. caldolyticus 1172785
Low | Bac. subtilis 131720
Aqu. aeolicus! 2982802
L Lac. plantarum 1514604
A —Me. jannaschii 1591367
Met. thermoauto. 1229711
Aqu. aeolicus 2982802
Py. horikoshii 3131793
Archaeo. fulgidus 2649866
L sul. solfataricus 2066544
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FIG. 22. Signature sequence in dihydroorotate dehydrogenase showing the relatedness of halophilic archaebacteria to the high-G+C gram-positive bacteria and of
the methanogenic and thermoacidophilic archaebacteria to the low-G+C group. The thick arrow indicates that similar to other protein sequences (Fig. 13), this
signature provides evidence that gram-negative bacteria are specifically related to the high-G+C gram-positive group. To explain the results with archaebacterial
homologs, it is necessary to postulate either that there was a lateral gene transfer from high-G+C gram-positive bacteria to the halophilic archaebacteria or that the
two groups of archaebacteria bear specific relationships to the two divisions of gram-positive bacteria (thin solid arrows). The question mark indicates that these results
raise questions about the evolutionary relationship between archaebacteria and gram-positive bacteria.

lier-Smith (31): “Secondary metabolites (antibiotics) are most
often beneficial to their producers as agents of the chemical
warfare which is perpetually being waged against competitors,
predators and parasites.” Thus, it is quite likely that in the
primitive environment some groups of gram-positive bacteria
were producing antibiotics and others were sensitive to them,
so that their survival was at stake. To survive in this environ-
ment, the sensitive bacteria had to undergo changes in the
target sites of the above antibiotics so that their growth was no
longer inhibited (6, 14, 44, 79, 179, 204, 223). There was thus
very strong selection pressure on the genes that were the tar-
gets for these antibiotics to undergo changes to survive in the
selective environment.

It is possible that under these conditions, after a long period
of (repeated) selection in the primitive environment, assisted
by every conceivable sort of stress (83), a resistant strain
evolved that had undergone extensive changes in the genes
that are the targets of the above antibiotics. This resistant

strain may have been an ancestor of the present-day archae-
bacteria. Once a bacterium has developed a successful strategy
to combat the effects of antibiotics, the other sensitive bacteria
can readily acquire the resistance by means of genetic ex-
change or horizontal gene transfer from the resistant strain
(36, 37, 44, 204, 223). As stated by Cohan (37): “Adaptations
may be passed from one bacterial species to another, either by
homologous recombination or by plasmid exchange. ... The
genes that can be transferred across taxa are necessarily a very
small set that confer general adaptations which are not limited
to the ecological and genetic context of a particular taxon (e.g.,
genes conferring resistance to widely used antibiotics). ... A
single genetic exchange in which an adaptation is transferred
across taxa can change forever the course of adaptive evolution
in the recipient species.” This scenario can readily explain why
in phylogenies based on such gene sequences as those encod-
ing TRNA, EF-1o/Tu, EF-2/G, etc., phenotypically and physi-
ologically diverse groups of monoderm prokaryotes (methano-
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FIG. 23. Possible scenarios to explain the evolutionary relationship between archaebacteria and gram-positive bacteria. Scenario I assumes the archaebacteria to
be monophyletic; to explain various other gene phylogenies where archaebacteria show polyphyletic branching within gram-positive bacteria (e.g., Hsp70, GS 1, GDH,
dihydroorotate dehydrogenase), lateral transfer of genes from different groups of gram-positive bacteria to the archaebacteria (as indicated by thin dashed arrows) is
postulated. Scenario II, on the other hand, suggests that the ancestral archaebacterial phenotype may have evolved from gram-positive bacteria (solid arrows) in
response to antibiotic selection pressure and that the genes involved in antibiotic resistance (which may include many genes involved in the information transfer
processes) were subsequently acquired laterally by other gram-positive bacteria to create additional monoderm prokaryotes with an archaebacterium-like genotype.

gens, halophiles, and thermoacidophiles) form a monophyletic
group (i.e., archaebacteria) and also exhibit paraphyletic rela-
tionships within the Euryarchaeota division (184, 250-253). It
has been noted by Woese (250) and others that the evolution-
ary distances in rRNA between some of the archaebacterial
groups are very short: “Since their last common ancestor, ar-
chaebacterial rRNA on average have accumulated substan-
tially fewer mutations than the rRNA of either eukaryotes or
eubacteria” (186), leading to the inference that the archaebac-
terial lineage is slowly evolving (250, 258). However, the ap-
parent slow evolution of the archaebacterial lineage could also
be readily explained if many of the archaebacterial genes,
rather than being ancestral, were acquired more recently by
means of horizontal gene transfer between archaebacteria and
Gram-positive bacteria. The exchange of genetic information
in archaebacteria at a high frequency, at the high temperatures
at which many of them grow, has been reported (93). Although
the scenario presented here for the origin of archaebacteria is
speculative, it is realistic, and it should be possible to test it
experimentally.

The evolution of gram-negative bacteria, which possess an
outer membrane, from gram-positive bacteria may also have
been a defensive strategy on the part of some gram-positive
bacteria to combat or at least minimize the effect of antibiotics
(180a). As stated by Inouye: “The outer membrane serves as a
selective barrier to the cell exterior. . . . gram-negative bacteria
are more resistant to the actions of certain dyes, chemicals and
antibiotics. This is because gram-negative bacteria have an
outer membrane that prevents toxic compounds from entering
the cells” (124). It is of interest in this regard that in the
recently reported genomic sequence for the gram-positive bac-

teria Bacillus subtilis, a very large number of genes (77 in all)
encoding the ABC transporter proteins were found (147). As
noted in reference 147, these transporter proteins probably
allow these bacteria to escape the toxic action of many com-
pounds (antibiotics). Thus, the prokaryotic organisms have
developed a number of different strategies to protect them-
selves from the toxic effects of antibiotics.

It should be clear from the above discussion that there is a
lot to be learned about the relationship between the archae-
bacteria and gram-positive bacteria and the monophyletic and
distinct nature of archaebacteria is far from established.

Evolutionary Relationships within Prokaryotes: an
Integrated View Based on Molecular and
Phenotypic Characteristics

Based on the phylogenies and signature sequences I have
described thus far, the evolutionary relationship within the
prokaryotic organisms that emerges is depicted in Fig. 24. The
evolutionary relationship within the prokaryotic species is in-
dicated to be a continuum, and the different groups shown in
this figure appeared to have evolved from the common ances-
tor in the order shown. Of these groups, archaebacteria and
gram-positive bacteria, the prokaryotes surrounded by a single
membrane, are indicated to be the most ancient lineages within
prokaryotes. The question whether the earliest prokaryote was
a gram-positive bacterium, an archaebacterium, or a common
ancestor from which both these lineages evolved indepen-
dently is unclear at present. As discussed above, the answer to
this question depends upon clarification of the evolutionary
relationship between gram-positive bacteria and archaebacte-
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TABLE 2. Sources and sites of action of some antibiotics”

Mechanism of action Antibiotic Producing organism
Inhibition of protein synthesis (acting on 30S ribosomal subunit) Streptomycin Streptomyces griseus
Neomycin S. fradiae
Tetracyclines S. aureofaciens
Spectinomycin S. spectabilis
Gentamycin Micromonospora purpurea
Tobramycin S. tenebrarius
Pactamycin S. pactum
Kanamycin S. kanamyceticus
Inhibition of protein synthesis (acting on 50S ribosomal subunit) Erythromycin S. erytherus
Carbomycin S. halstidii
Chloramphenicol S. venezuelae
Lincomycin S. lincolenesis
Streptogramins S. graminofaciens
Inhibition of synthesis or damage to cell wall Penicillins Penicillium chrysogenum
Cephalosporins Cephalosporium acremonium
Bacitracin Bacillus subtilis
Vancomycin S. orientalis
Cycloserine S. garyphalus
Inhibition of synthesis or damage to cytoplasmic membrane Polymyxin B. polymyxa
Tyrothricin B. brevis
Gramicidin S B. brevis

Inhibition of synthesis or metabolism of nucleic acids

S. mediterranei
S. niveus

Rifampin
Novobiocin

“ Compiled from information in references 6, 14, 44, 79, 179, 204, and 229.

ria. However, irrespective of whether archaebacteria constitute
a monophyletic group distinct from other bacteria or whether
they evolved from within the gram-positive bacteria, the infer-
ence that archaebacteria are more closely related to gram-
positive bacteria than to gram-negative bacteria is supported
by signature sequences in numerous proteins and by most of
the gene and protein phylogenies. A specific relationship be-
tween archaebacteria and gram-positive bacteria is also
strongly corroborated by the structural organization of their
cells: within prokaryotes, only these two groups of organisms
are bounded by a single lipid membrane (i.e., monoderm pro-
karyotes). Thus, the phylogenetic inferences based on macro-
molecular sequence data are in accord with the most important
structural distinction seen within prokaryotes and there are no
major conflicts between molecular phylogenies and phenotypic
characteristics (Fig. 24), unlike previously (181, 252).

These results raise the important question of the primary
division within the prokaryotes. The three-domain proposal
divides prokaryotes into two primary groups: archaebacteria
(Archaea) and eubacteria (Bacteria), and it does not recognize
gram-negative bacteria (diderm bacteria with an inner and
outer membrane defining a periplasm) as a distinct phylum. It
is important to point out that the taxon Archaea has been
defined only by biochemical and sequence characteristics and
that its members show no unique morphological features by
which they could be distinguished from gram-positive eubac-
teria (99, 258). Since the phylogenetic distinctness of Archaea
is now highly questionable, and in view of the concerns raised
that “It is not appropriate to separate kingdoms on any basis
but a major, reasonably easily determined difference in orga-
nization” (175), I conclude that the basic premise of the three-
domain proposal, i.e., that the primary division within pro-
karyotes is between Archaea and Bacteria, is not justified. In
contrast to this proposal, the division of prokaryotes into two

naturally defined, nonoverlapping primary taxa, Monodermata
(prokaryotic cells surrounded by a single unit lipid membrane;
includes all archaebacteria and gram-positive bacteria) and
Didermata (prokaryotic cells containing both inner and outer
unit lipid membranes enclosing a periplasmic compartment;
includes all true gram-negative bacteria), is strongly supported
by both morphological and molecular sequence characteristics
(100, 101). Based on signature sequences, the monoderm pro-
karyotes could be divided into two main groups: gram-positive
bacteria and archaebacteria. Any lateral gene transfer between
these two groups of monoderm prokaryotes, as seems to have
taken place, should not affect or influence their placement in
the same taxon. Archaebacteria can be further divided into two
subtaxa: Euryarchaeota and Crenarchaeota (eocyte), based on
signature sequences in EF-1a/Tu (Fig. 21) (198). The signature
sequences also support the division of gram-positive bacteria
into two distinct group corresponding to low-G+C and high-
G+C species (101). A clear phylogenetic distinction between
the latter groups of species in the past has not been made.
Further studies should clarify whether gram-positive bacteria
contain additional groups which may include species such as
Thermotoga maritima. It should be emphasized that although I
have used the common names to designate various higher taxa
and subtaxa within prokaryotes, these names do not constitute
the defining characteristics of these groups. All of the taxa
described here are defined based on specific signature se-
quences in one or more proteins (Fig. 24) (100, 101).
Signature sequences also provide evidence that within mo-
noderm prokaryotes, “high-G+C” gram-positive bacteria are
the closest relatives of gram-negative bacteria. Phylogenies and
signature sequences in a number of proteins provide evidence
that all diderm prokaryotes (gram-negative bacteria) are
monophyletic and had a common ancestor. The species of the
genera Deinococcus and Thermus are indicated to be interme-
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FIG. 24. Evolutionary relationships within prokaryotes as deduced from signature sequences in various proteins. Although, due to ease of presentation, this figure
depicts archaebacteria as distinct from other prokaryotes, the alternate view where archaebacteria are derived from gram-positive bacteria (Fig. 23) is favored based
on the available evidence. Beginning with the universal ancestor (@), the order of evolution of different prokaryotic groups as deduced from signature sequences in
different proteins is as shown in this diagram. The asterisks on certain proteins indicate that the timing when these signature sequences were introduced may change
with sequence information from additional bacterial phyla. The branching order of various eubacterial groups is consistent with the detailed phylogenies based on Hsp70

and GroEL sequences (Fig. 8 and 11).

diate in this transition by both their phenotypic characteristics
and molecular sequence data. The molecular phylogenies and
phenotypic characteristics again show good agreement in this
regard. The sequence data indicate that in the transition from
a monoderm prokaryote to a diderm cell organization (i.e.,
gram-negative bacteria), the outer membrane developed first,
followed by changes in the cell wall and other characteristics.

Within diderm prokaryotes, signature sequences and phy-
logenies based on several genes and proteins provide evidence
that cyanobacteria are one of the earliest lineages. This group
of bacteria which are capable of carrying out oxygenic photo-
synthesis, had a profound influence on the environment. Based
on the oxygen requirement and oxygen sensitivity of different
biochemical reaction, Schopf (208) has concluded that cya-
nobacteria occupy a middle ground between the anaerobes and
the fully aerobic bacteria and eukaryotes, suggesting that this
group originated during a time of fluctuating oxygen concen-
tration. The development of oxygenic photosynthesis by cya-
nobacteria and the consequent release of oxygen into the at-
mosphere was very likely the key event that changed the
environment from anaerobic to aerobic. Based on the geolog-
ical and mineral evidence of the major episode of sedimenta-
tion of dissolved iron from oceans (i.e., banded iron forma-
tions), which is believed to have resulted from the release of
oxygen by the earliest oxygenic photosynthetic organisms, the
time when such organisms first evolved can be estimated to be
between 2.0 and 2.5 billion years ago (132, 141, 208).

As mentioned above, although cyanobacteria are physiolog-

ically and phylogenetically distinct from the Deinococcus and
Thermus genera, signature sequences in several proteins
(Dnal, EF-Tu, EF-Ts, and DNA polymerase) indicate that
these two groups had a common ancestor exclusive of all other
prokaryotes. The presence of unique shared sequence signa-
tures in these two groups, which is inconsistent with the mor-
phological features and phylogenetic relationship deduced
from other sequences, is very likely a result of lateral gene
transfer between the two groups. Similar to the situation en-
countered in the relationship between archaebacteria and
gram-positive bacteria, it is unclear whether the gene transfer
took place from cyanobacteria to Deinococcus and Thermus or
vice versa. It would be helpful in this context to know if the
transferred genes offered any selective advantages to the re-
cipient organisms. While such information is lacking, one can
speculate that the oxygen released by cyanobacteria was highly
toxic to the Deinococcus and Thermus group of species and that
transfer of selected genes from cyanobacteria (which have de-
veloped a mechanism to protect themselves from oxygen) pro-
vided a means to survive in the oxygen-containing atmosphere.

Following the evolution of cyanobacteria, a number of other
groups of diderm bacteria, namely, cytophagas, spirochetes,
planctomycetes, and green sulfur bacteria, evolved. Because of
the paucity of sequence information on these bacterial phyla,
no unique signature sequences that can distinguish these
groups of bacteria from other diderm prokaryotes have so far
been identified. The phylogenetic relationships and the relative
branching orders of these phyla in most phylogenies, including
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rRNA (184, 250), Hsp70 (Fig. 8) (103, 108) and GroEL (Fig.
11) (96, 246), are not resolved. However, these groups of pro-
karyotes consistently branch in between cyanobacteria and
proteobacteria (Fig. 8 and 11). The placement of these bacte-
rial phyla in a group between cyanobacteria and proteobacte-
ria-1 (the alpha, delta, and epsilon subdivisions) can be confi-
dently made based on the signature sequences in the FtsZ and
GDH proteins (Fig. 15) on the one hand and Hsp70 and
alanyl-tRNA synthetase on the other (Fig. 19). Although at
present I have placed all these bacteria in a single group, it is
likely that as further sequence information becomes available,
additional signature sequences that make clear distinction be-
tween these groups and clarify the evolutionary relationships
between these phyla will be identified.

Signature sequences in proteins also define and provide dis-
tinction between two different groups corresponding to pro-
teobacteria. One group consists of the alpha, delta, and epsilon
subdivisions, whereas the other consists of the beta and gamma
subdivisions. The association of Thermomicrobium with the
first group is surprising, and it remains to be determined
whether other members of the green nonsulfur group (Herpe-
tosiphon and Chloroflexus) also show such a relationship. The
group consisting of the beta and gamma proteobacteria, based
upon signature sequences in different proteins, appears to have
evolved most recently among all the various prokaryotic groups
or divisions. In earlier work, specific amino acid substitutions
in Hsp60 protein that distinguish the alpha proteobacteria
from other subdivisions have also been described (96). It is
expected that additional signature sequences providing further
distinctions between proteobacterial groups will be uncovered
in future studies.

The evolutionary picture reconstructed here based upon sig-
nature sequences in different proteins (Fig. 24) is in accor-
dance with the phylogenies derived from a number of highly
conserved proteins (Fig. 8 and 11).

EVOLUTIONARY RELATIONSHIP BETWEEN
EUKARYOTES AND PROKARYOTES

Based on the purported evolutionary relationships among
the prokaryotic organisms just considered, we can now ask how
the eukaryotic organisms are related to the prokaryotes. The
evolutionary relationship between prokaryotes and eukaryotes
has been studied based on a large number of sequences and
other characteristics (21, 249a, 263), and I do not plan to
provide an exhaustive list of these studies or characteristics.
Instead, my objective here is to determine what kind of pro-
posal or model for the origin of eukaryotic cells can best
account for most of the available molecular sequence data as
well as other relevant information.

Some Critical Assumptions in Studying
Prokaryote-Eukaryote Relationships

As discussed above (see “Current evolutionary perspec-
tive”), the three-domain proposal postulates that the eu-
karyotes and archaebacteria had a common ancestor exclusive
of any eubacteria (258), in other words, that the nuclear ge-
nome of the ancestral eukaryotic cell (exclusive of organellar
genes) directly descended from an archaebacterial cell. A spe-
cific relationship of the eukaryotes to archaebacteria, as sug-
gested in this proposal, is based on the rooting derived from
the duplicated gene sequences for EF-1a/Tu and EF-2/G (and
the « and B subunits of F- and V-ATPases) (81, 126). Although
the subsequent discovery of V-ATPases in bacteria and an
F-ATPase in an archaebacterium have called into question the
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rooting based on ATPase sequences (69, 118), the rooting
based on EF-1a/Tu and EF-2/G proteins is widely accepted
and continues to have a major influence on the field (7, 126).
A similar rooting of the universal tree between archaebacteria
and eubacteria has been derived based on homologous amino-
acyl (isoleucyl, valyl-, and leucyl) tRNA synthetase sequences
(20).

However, the question of the root of the universal tree is a
hotly debated and very contentious issue (49, 53, 69, 129, 205).
Depending upon the protein sequences that are considered,
different types of relationships among the three primary groups
(archaebacteria, eubacteria, and eukaryotes) could be ob-
served. These include (i) all three groups equidistant from
each other, (ii) archaebacteria and bacteria closely related to
each other compared to the eukaryotic homologs, (iii) archae-
bacteria as specific relatives of eukaryotes and eubacteria
distantly related to them, and (iv) a specific relationship of
eukaryotic homologs to eubacteria as compared to the archae-
bacteria (49, 53, 69, 85, 197a, 205). Since all of the indicated
relationships are strongly supported for different proteins, ra-
tionally it is difficult to choose among them unless it is postu-
lated that extensive lateral gene transfer occurred between
species to support one relationship in preference to the other.

This controversy, in my view, has stemmed in large part from
a very basic and profound assumption that the eukaryotic cells
have evolved from prokaryotes by normal evolutionary mech-
anisms (mutations, recombination, etc.). However, as empha-
sized by many prominent biologists (28, 34, 46, 159, 168, 173,
237), the transition from prokaryotes to eukaryotes represents
a major discontinuity in the evolutionary history. If the pro-
karyote-to-eukaryote transition came about by normal evolu-
tionary mechanisms, then given the enormity of the structural
and molecular differences between these two cell types, this
transformation must have occurred over a very long period
involving numerous intermediate species, each developing lim-
ited selective advantages and evolving certain eukaryotic char-
acteristics. However, there is no evidence (living or fossil) for
the existence of any such “intermediate” organisms, despite
the great diversity of the prokaryotic and eukaryotic organisms
that preceded or followed this major change. However, if the
transition from prokaryote to eukaryote did not come about by
a normal evolutionary mechanism but instead resulted from
some unusual event such as fusion and integration of genomes
from different prokaryotes, any attempt to root the eukaryotic
tree based on any one particular gene or even a set of genes
(e.g., the EF-1a/Tu, EF-2/G, and aminoacyl-tRNA synthetases
genes) will provide information about the origin of that gene
(or sets of genes) and not of the eukaryotic cell. In view of
these considerations, the proper approach to understanding
the origin of the eukaryotic cell from prokaryotic ancestors, in
my view, would be to examine the relationship of different
eukaryotic genes to prokaryotic homologs without any prior
assumptions and then to suggest a model which is consistent
with most of the data. This is the approach I have followed in
this review.

Most Genes for the Information Transfer Processes
Are Derived from Archaebacteria

For a number of the gene and protein sequences originally
studied, namely, EF-1a/Tu, EF-2/G, RNA polymerase II and
III subunits and F- and V-type ATPases, the eukaryotic ho-
mologs exhibited greater similarity to archaebacteria than to
eubacteria (81, 126, 196). A close and specific relationship of
archaebacteria to the eukaryotic homologs is also supported by
a number of other genes e.g., ribosomal proteins, DNA poly-
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merase B, TATA binding proteins, transcription factors I1IB
and IIIB, TCP-1 chaperone (54, 96, 98, 134, 158, 203, 213),
most of which are involved in aspects of transcription and
translation. In the past 2 or 3 years, due to the complete
sequencing of the genomes of a number of bacterial and ar-
chaebacterial species and a eukaryotic species, Saccharomyces
cerevisiae (15, 26, 45, 66, 72, 73, 80, 119, 128, 138, 147, 215,
242), a much larger database has become available to examine
the relationships among species in the three domains. Detailed
analyses of the archaebacterium Methanococcus jannaschii se-
quences indicate that 44% of its gene products showed a closer
relationship to eubacteria whereas about 13% of the proteins
showed a closer relationship to the eukaryotic homologs (144).
The rest of the proteins showed approximately the same level
of similarity to the eubacterial and eukaryotic homologs. An
important understanding that resulted from such analyses is
that the vast majority of genes for which the archaebacterial
homologs exhibited greater similarity to eukaryotes were re-
lated to the information transfer processes such as replication,
transcription, and translation (9, 47, 54, 144, 158, 183, 197). In
fact, for many genes involved in DNA replication and tran-
scription, no eubacterial homologs have been found (54, 158,
183, 197). Thus, in terms of their informational transfer ma-
chineries “archaea look very eukaryotic” (54).

A close and specific relationship between archaebacteria
and eukaryotes for the information transfer processes is also
readily apparent from signature sequences in many proteins.
EF-1a/Tu (Fig. 7a) and ribosomal proteins LS (Fig. 7b) and S5
(Fig. 7c) provide examples where all archaebacterial and eu-
karyotic homologs contain prominent shared signature se-
quences not found in any eubacterial homologs. The protein
EF-1o/Tu contains another important signature sequence
identified by Rivera and Lake (198). This signature sequence
consists of a 7-aa insert that is uniquely present in the eocytes
or Crenarchaeota group of archaebacteria and all eukaryotic
homologs but is not found in the Euryarchaeota division of
archaebacteria (Fig. 21). This signature provides evidence that
within archaebacteria, the eocyte archaebacteria are the clos-
est relatives of eukaryotes (Fig. 25) (198). A specific relation-
ship of the eocyte archaebacteria to eukaryotic homologs is
also strongly supported by the detailed phylogenetic studies
based on EF-1a/Tu sequences (7, 21, 112). Based on the above
observations, it is now indisputable that many of the eukaryotic
nuclear genes, particularly those related to the information
transfer machinery, are of archaebacterial origin. In relation to
the origin of eukaryotic cells, the key question now becomes
whether all of the eukaryotic nuclear-cytosolic genome (i.c.,
exclusive of organelles) are derived from archaebacteria or
whether other groups of prokaryotes (i.e., eubacteria) also
made significant contributions.

Hsp70 Provides the Clearest Example of the Contribution of
Eubacteria to the Nuclear-Cytosolic Genome

The question of establishment of any eubacterial contribu-
tion to the eukaryotic nuclear-cytosolic genome is far more
difficult than connecting archaebacteria and eukaryotes. (Note
that the term “nuclear-cytosolic” as used in this review refers
to those genes and proteins which originated with the forma-
tion of the ancestral eukaryotic cell.) The main difficulty lies in
the fact that in contrast to archaebacteria, which have contrib-
uted only to the nuclear genome, two classes of eukaryotic cell
organelle genomes, mitochondria and plastids, were derived
from eubacteria in later endosymbiotic acquisitions (90, 92,
159). Most organellar genes were later transferred to the nu-
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cleus. Thus, eukaryotes often have multiple homologs of pro-
teins with sequence similarity to eubacteria. For most se-
quences in the databases, information that distinguishes
nuclear-cytosolic genes from organellar homologs is lacking.
Thus, in many cases it is difficult to know whether a given
eukaryotic homolog corresponds to an organellar gene or to a
nuclear-cytosolic gene product. The presence of multiple genes
inside eukaryotes also raises the possibility that genes for some
presumed nuclear-cytosolic proteins are in fact derived from
organellar genes by means of horizontal transfer followed by
divergence (135, 165). Furthermore, many eukaryotes harbor
bacterial endosymbionts, and some of the eubacterial genes
could be derived from them by horizontal transfers. Thus, it
has proven difficult to establish whether a given eubacterial
gene present in eukaryotic cells is of nuclear-cytosolic origin or
is derived from other sources. However, in recent years, the
enlarged sequence database, in conjunction with extensive
characterization of many eukaryotic protein families at the
molecular, biochemical, subcellular localization, and phyloge-
netic levels, has provided specific examples where these prob-
lems can be clearly resolved.

The Hsp70 protein, discussed above, provides the best-stud-
ied examples of such proteins (17, 99, 102, 108). The Hsp70
homologs have been sequenced and characterized from a
broad range of prokaryotic and eukaryotic organisms covering
the entire evolutionary spectrum. In eukaryotic cells, specific
Hsp70 homologs are found in various cellular compartments,
including the cytosol, endoplasmic reticulum (ER), mitochon-
dria, and chloroplasts (17, 41, 102, 108). The homologs present
in different compartments are well characterized both bio-
chemically and by cellular localization studies (2, 214, 221).
Most importantly, global alignment of Hsp70 sequences from
prokaryotic, eukaryotic, and organellar sources shows that the
different types of Hsp70 homologs are readily and unambigu-
ously distinguished from each other based on specific signature
sequences (99, 102, 105, 108). The eukaryotic nuclear-cytosolic
Hsp70s contain a large number of unique amino acid substi-
tutions and sequence signatures not found in any of the pro-
karyotic or organellar homologs. Figure 26 gives an excerpt
from Hsp70 alignment showing some of the important se-
quence signatures. As seen in this figure, all the eukaryotic
cytosolic and ER homologs, including those from the earliest-
diverging eukaryotic lineage such as Giardia, contain two sig-
nature sequences (a 4-aa deletion marked 00 and a 1-aa insert
marked [J) that are not present in any prokaryotic or organel-
lar Hsp70s. Since these signatures are not present in any mi-
tochondrial, hydrogenosomal (from Trichomona vaginalis), or
prokaryotic homologs, they could not have been derived from
the latter groups by means of horizontal gene transfer. These
signatures are thus uniquely eukaryotic, and they were proba-
bly introduced into the common ancestor of eukaryotic cells at
the time of its origin. The homologs containing these sequence
signatures thus are nuclear-cytosolic in origin.

The inference from the above signature sequences that the
eukaryotic nuclear-cytosolic homologs are altogether distinct
from organellar homologs is strongly reinforced by the phylo-
genetic analysis based on Hsp70 sequences (Fig. 27). In phy-
logenetic trees based on Hsp70 sequences, the nuclear-cytoso-
lic homologs consistently form a distinct monophyletic clade
(100% of the time by different phylogenetic methods) branch-
ing within gram-negative bacteria but showing no relationship
to the organellar homologs (i.e., mitochondria, hydrogeno-
some, or chloroplasts) (56, 102-104, 108). If the mitochondrial
and nuclear-cytosolic homologs were paralogous sequences
that originated by a gene duplication event and subsequent
divergence, one would expect them to form distinct but related
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clades. Since this is not observed in any phylogenetic trees
based on Hsp70 sequences, such a possibility is considered
highly unlikely. In contrast to the cytosolic homologs, the mi-
tochondrial and hydrogenosomal Hsp70s grouped within the
same clade, showing an expected close relationship to the
alpha proteobacteria (Fig. 27) (25, 78). The homologs from
these two organelles also shared a number of unique amino
acid substitutions with the alpha proteobacteria (signatures
marked E2 in Fig. 28) (25, 78), providing additional evidence
of their origin from this group of prokaryotes. The absence of
these signatures in the nuclear-cytosolic homologs provides
further evidence that they have originated independently of
these groups. In phylogenetic trees based on Hsp70, the chlo-
roplast homologs showed the expected strong affinity to cya-
nobacteria, supporting their origin from this group of pro-
karyotes (90, 92, 159, 162, 170a, 246a).

Having presented evidence that the cytosolic homologs of
Hsp70s are of nuclear-cytosolic origin which originated inde-
pendently of organellar homologs and that their sequence
characteristics and phylogeny cannot be accounted for by lat-
eral gene transfers between species, the question of which
group of prokaryotes contributed them now arises. As seen in
Fig. 26, all of the nuclear-cytosolic homologs contain the large
insert in their N-terminal quadrant (box marked ), which is a
defining characteristic of gram-negative bacteria (i.e., diderm
insert). As mentioned above, this insert is not found in any
homolog from archaebacteria or gram-positive bacteria. The
presence of this shared insert in all nuclear-cytosolic homologs
and gram-negative bacteria provides strong evidence that these
eukaryotic homologs have originated from a gram-negative
bacterium rather than from archaebacteria. This inference is
strongly supported by phylogenetic analysis based on Hsp70
sequences (Fig. 27) (85, 102, 108).

The lineage of the gram-negative bacteria that contributed
the eukaryotic nuclear-cytosolic homologs has not been iden-
tified up to now. However, based upon signature sequences in
the Hsp70 family of proteins, it is now possible to infer that the
gram-negative bacterium from which these are derived was a
member of the proteobacteria-1 (which includes members of
the alpha, delta, and epsilon subdivisions as well as Thermo-
microbium) group (Fig. 28). This inference is based upon the
facts that all nuclear-cytosolic homologs of Hsp70 contain a
2-aa insert (signature P1) that is present in different proteobac-
teria (as well as the green nonsulfur bacterium 7. roseum) but
do not contain the 4-aa insert (signature P2) which is specific
for the beta and gamma proteobacteria (i.e., proteobacteria-2).
The eukaryotic nuclear-cytosolic homologs also share two ad-
ditional sequence signatures (specific amino acid substitutions
marked E1 in Fig. 28) with the proteobacteria, indicating their
origin from this group. However, it should be emphasized that
the proteobacteria in general, and the proteobacteria-1 group
as defined here in particular, is one of the most diverse and
complex assemblages of prokaryotes (177). Although this
group includes the alpha proteobacteria, from which mito-
chondria are derived (57, 90, 162, 261), it also includes numer-
ous other genera of very divergent prokaryotes such as myx-
obacteria, sulfur- and sulfate-reducing bacteria, helicobacteria,
Campylobacter, and green nonsulfur bacteria. Thus, a specific
relationship of the eukaryotic nuclear-cytosolic homologs to
the proteobacteria-1 group should not be construed as evi-
dence that they are derived from the same lineage that gave
rise to mitochondrial homologs. As pointed out above, the
eukaryotic nuclear-cytosolic homologs do not branch with the
mitochondrial homologs in any of the phylogenetic trees and
are distinguished from these homologs by numerous sequence
features (Fig. 26 and 28) (17, 56, 85, 99, 102-105).
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FIG. 25. The eocyte version of the archaebacterial tree based on signature
sequence in the EF-1a/Tu protein sequences, as suggested by Rivera and Lake
(198). This tree indicates that the ancestral eukaryotic cell has directly descended
from within the archaebacterial lineage, with eocyte archaebacteria as its closest
relatives.

The Eukaryotic Nuclear Genome Is a Chimera of Genes
Derived from Archaebacteria and Gram-Negative Bacteria

In addition to Hsp70, many other examples of proteins
where the eukaryotic nuclear-cytosolic homologs are derived
from eubacteria and not archaebacteria are observed. (i) In the
Hsp90 protein family, which carry out a molecular chaperone
function in cells (193), the eukaryotic nuclear-cytosolic ho-
mologs (including from Giardia lamblia [unpublished results])
and those from gram-negative bacteria contain a 5-aa deletion
not present in low-G+C or high-G+C gram-positive bacteria
(Fig. 29a). The Hsp90 homologs from eukaryotic cells have
been well characterized, and thus far no organellar homolog of
Hsp90 has been identified in any species, including the
genomic sequence of Saccharomyces cerevisiae (80). It is also of
interest that thus far no Hsp90 homolog has been found in any
archaebacteria, including the three completely sequenced ge-
nomes from Methanococcus jannaschii, Methanobacterium ther-
moautotrophicum, and Archaeoglobus fulgidus (26, 138, 215).
Therefore, it is very likely that Hsp90 homologs do not exist in
archaebacteria. For the sake of argument, even if such ho-
mologs were to be found in other archaebacteria, then based
on our understanding of the relationships within prokaryotes
(see “Evolutionary relationships among prokaryotes™), such
homologs should exhibit closer relationship to the gram-posi-
tive bacteria than to the gram-negative bacteria. From the
above observations and considerations, it should be clear that
similar to Hsp70, the nuclear-cytosolic homologs of Hsp90 are
not of archaebacterial origin but instead are derived from
gram-negative eubacteria. (ii) In IMP dehydrogenase, all eu-
bacterial and eukaryotic homologs contain a 2-aa conserved
indel not present in any archaebacteria (Fig. 29b). Likewise, in
adenylosuccinate synthetase, a 2-aa insert is present in various
archaebacteria but not in any of the eubacterial or eukaryotic
homologs (Fig. 29c¢). (iii) A number of other proteins where
signature sequences uniquely shared between eukaryotic ho-
mologs and certain groups of gram-negative bacteria have
been observed: glutamate-1-semialdehyde 2,1-aminomutase
(Fig. 9b), alanyl-tRNA synthetase (Fig. 19b), and the FGA-
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66 82 254 269 472 481

~Hal.marismortui  SP/G01100 TIGSIKRHMG QDDYSVE  INLPFIATT DDGPLDL  ITIEGGAG LS

Arch Hal.cutirubrum  GB/L35530 --A--NA--- EE--T-A  V-=-=-VTA- =S--VH-  -=---uen --

rcnae- Th.acidophilum GB/L35529 --FAA--K-- T--KFK  -D--Y-TV- NS--KH!  ---TASTK  --

bacteria  Meth.mazei SP/P27094  -VY------- EAM-K-T  --=-- LTVGT-GE-KHM  -S-QKPG-  --

~Myc. Leprae SP/P19993 - -R-V----- S$-W-1-  V---Y-TVDS-KN--F-  -K-QE-§- -~

Myc.tuberculosis  GB/X58406 -VR-V----- S-W-1-  ----Y-TVDA-KN--F-  -R-QE-§5- -~

Ery.rhusiopathiae GB/M98865 SAV-V--LI- TGEK-T  -S8----SAG EN---H- ---SNSS- --

str.coelicolor  GB/LOB201 --R-V----- T-WK-N  ----Y-TAS AE---H- M-VT--§§ -P

G+ Ery.rhusiopathiae GB/M98865 SAV-V--LI- TGEK-T  -S8----SAG EN---H-  ---SNSS§-  --

Str.griseus GB/016499 --R-V-~--= T-WKID  ----Y-TAS AE---H- M-VT--§§ -P

: Clo.acetobutyl.  SP/P30721 =-I----K-- TAEK-A ===~ TAD AG--KHI  ---TASTN  --

bacteria Clo.perfringens SP/P26823 --M------- T--K-N  ------ TAD AT--KHI  ---TASTN  --

L.lactis GB/X75428 --1---SK-- TSEK-S  -S----TAG AA---H-  -V-KSNS-  --

Sta.aureus GB/D30690  -V---=----- T--K-D  -S----SAG EN---K-  ---0§§8§ --

Bac.subtilis SP/P17820 --M--==--- T--K--  -S----TAG EA---H-  ---KSS§-  --

L Bac.megaterium  SP/POS646 --1-Y----- T-HK--  -S----TAG EA---H-  ---KSST- -~

E.coli SP/P044T5 -LFA---L1- |RRFQDEEVORDVSIMPFKITAAD |NG-AW--  V---Y-TAD AT--KHM  ---KASS-  -N

(Pse.cepacia GB/L36603 -LFAV--Ll-|---EEK---K-1GL--YS--K-- |NG-AW-- ----Y-TAD AS--KH-  ---KANS- -~

G R.meliloti GB/L36602 -LFA---Ll-|-T-E-PTT-K-KGMV-Y--VK-- |NG-AW-- TAD AS--KH-  -R-QASG-  --

C.crescentus SP/P20442 -LFA---LI- |-TAS-PV-EK-KGMV-YRSSR-R | AG-AW-K SMN AS---H-  -R-QANG- -~

bacteria B.ovis GB/M95799 -LFAV--LL- |--YD-PM-TK-KDLV-Y--VKG- |NG-AW-- TAD QT--KH-  -R-QASG-  --

Bor.burgdorferi  SP/P28608 --Y----F--|--<EE -ASEIKMV-Y--EKGL |NG-AR-N  ------ TAD AN--KH-  -R--SS§-  --

Chl.trachomatis  SP/P17821 -LA-T--FI-|-K- S--ESEIKTV-Y-VAPNS |KG-AVFD  --Q---TID AN--KH- -R--ASS-  -K

Chl.pneumoniae  SP/P27542 -LG-T--FI-|-KY S--ASEIQTV-YTVISGS |KG-AVF-  --Q---TMD AQ--KH-  -R--ASS-  -Q

_ L Synechocystis sp. SP/P22358 -FY-V--FI-|-K- D-ITNEATEVAYSVVKDG |NGNVKLD  ------ TA- Q---KH-  -S-T-AST  -p
~Tri. vaginalis (h) U27232  -FFAT--LI-|-S-D--MTKKCREMV-YQ--K-K |NG-AW-D  ----Y-TV-GA--KH-  M--QSN

. S.cerevisiae (m)  SP/P12398 -LFAT--LI-|---E-A-----IKQV-Y--VKHS |NG-AW--  «----- TAD AS--KHI  --VA-§§-  --

g ¢ | Mitochond. | pr etanogaster(m) SP/P29845 -FYAT--L1- [---D-P--KK-ITNLSY-WK-S [NG-AW-S ----YLTMD AA--QHM -v-QSSG. -

2 & | and Le.major (m) GB/X64137 -FYAV--LI-|---E--HI-K-IKNV-Y--VR-G |NG-AW-Q V-----TAN A--AQHI  ---TANG-  --

2T | hydrogeno. | Pea (m GB/XS4739 -LFGT--LI- [---D-AQT-KEMKMV-Y--VR-P |NG-AW-- - ----- SAD AS-AKH-  ---RSSG-  --

s £ Tr.cruzi (m) SP/P20583 -FFAV--LI-|---E-SNI-H-IKNV-Y--GRSS |NG-AW-Q V-----TAN Q--AQHV  ---TASG-  --

= 8 Kidney bean (m)  PR/S25005 -VFGT--LI-|---D-PQT-KEMKMV----VK-P |NG-AW--  ------ TAD AS-AKH-  ---RSSG- -~

=i L Mouse (m) GB/S57608 ~-FYAT--I1-|--YD-P---K-TKNV----VR-S |NG-AW--  ----YLTMD AS--KH-  -V-0SSG-  --

Por.umbilicalis(c) SP/P30723 -FY-V--FI-|-KQ N-ISQEIRQTSYNVKTS  |GSSIKI-  ------ TA- Q---KH-  ---S-AST P

Plastids I:Cryptomona phi(c) SP/P29215 -FY-V--FI-|W-S ---SEELKQVSYIVKTDS [NGNIKLD ----- LTA- ET--KH-  ---T-AST  -P

N Pea (c) GB/LO3299 -FF-V--FI-|-KM S$--DEESKQVSYRV-RD- |NGNVKLD  -S----TA- A---KHI  ---T-AST — -P

~S.cerevisiae(e)  SP/P16474 --FD---LI-|LKYN-RS--K-IKHL--NVVNK-6 |KPAVE-S  -EI — DS FVDGI-- ---rNDK-ﬂ-T

Eukaryotes | p; Cinnanoni (e)  GB/X75673 -LFDV--L1- |-KYN-KS--A-KKLL-YLLYNK-G |KPFIE-- LEr| |ES LLDGE-F  ---TAEK- |R|--

(ER) Human (e) SP/P11021 -VFDA--L1-|-TWN-PS--Q-IKFL---VVEKKT |KPYIQ-D -EI1| |ES FYEGE-F  ---TNDQN|R|-T

- L 6. lambliaCe) GB/VO4B75 --FDV--L1-{-K-D-P---K-MKLL-Y-V-NK-G |RPFVGLS -WV| |DS LIDGI-F  ---KNDR- R|--

G.lamblia GB/VO4BT4 --FDA--LI-|---N-P---A-LKHFRSRSSCGPTR |TPQIQ-V  -EI| [ES LFEGI-F  LS-NQN-N|R|--

p.falciparum SP/P11144  -VFDA--L1- |-K-TESS--S-MKHW--TVKSGVDE |KPMIE-T  -EI| |DS LFEGI-Y  --~TNDK-|R|--

Tr.brucei SP/P20030 -VFDA--LI-|-K-S-SV--S-MKHW---VVTKGDD |KPVIG-G  -EI| |DA LFENI-F  -V-TNDK- R|--

Protists | Tr-cruzi GB/M26595 -VFDA--LI- |-K-S-PV--S-MKHW---V-TKGDD |KPVIQ-Q -E1| |DA LFDNV-F  -VLTNDK-|R|--

Le.donvani SP/P17804 -VFDA--LI-|-K-N-SV--S-MKHW---VTTKGDD |KPMIA-Q  -E1| |DA LFENV-F  ---TNDK-|R|--

En.histolytica  GB/MB4652 -VFDA--LI-|---S-PAI-N-MKHWS--V-DDGH |KPLIE--  -EV| |DQ LFDGI-F  ---TNDK-|R|--

= Di.discoideum GB/X75263 -VFDA--LI-|-K-S-K---S-MKHW---V-PK-GD|KPHIQ--  -EI| |DS LFEGI-F  ---TNDK-|R|--

= L Chlam.reinhardtii SP/P25840 -VFDA--LI-|-K-S-PI--S-IKLW-SQVAP-H |VPEIV-S -E-| |DS CFEGV-F  ---TNDK- |R|--

g Bremia lactucae  SP/P16394 -VFDA-PLI-|-K-S-Pl--A-IKHW---LTSGW |-AQIV-Q  -EI| |DS LFDGI-F  ---TNDR-|R|--

o . S.cerevisiae SSA1 SP/P10591 -VFDA--LI-|-N-N-P---A-MKHF---L-DV-G |KPQIQ-- VEI| |DS LFEGI-F  ---TNDK-|R|--

E’ Fungi S.cerevisiae $SB1 SP/P11484 -VFDA--LI-|---D--S--K-MKTW---V-DV-G |NPVIE-Q VEV| |DS LFDGE-F  ---SNAV-|R|--

< Ha.polymorpha GB/Z29379 -VFDA--LI-|-K-D-P---N-IKHF---VVEKGG |KPHIQ-- VEI| |DS LYEGI-F  ---TNDK-|R|--

9 BL.emersoni i GB/L22497 -VFDA--LI-|---D-DV--A-MKHWS-TVVNKNS |KPLFQ--  -EI| |DS LFEGI-F  ---TNDK-|R|--

S “Achlya klebsiana  GB/VO2504 -VFDA--LI-|-K-N-PAT-A-IKHW---VTPGAGD |KPQIT--  -EI| |DS LEDGI-F  ---TNOK-|R|-T

& — Spinach SP/P29357 -VFDA--L1-|---S-AS--A-MKHR---VVSGPG |KPMIG-N -EI| |DS LYEGV-F  -R-TNDK-|R|--

£ Plants | Maize SP/P11143  -VFDA--LI-|---SSPA--SSMKLW-SRHLGL G [KPMIVEN -EI| DS LFEGI-F  ---TNDK-|R|--

= carrot SP/P26791 -VFDA--LI-|---NHPS--S-MKLW-LQV-PGPG |KPMIV-N -EI| |DS LYEGV-F  ---TNON-|R|--

= L Tomato SP/P26429 -VFDA--L1-|---S-AS--E-MKLW---V-PGPG |KPMIV-T -EI| |DS LYEGV-F  ---TNDK-|R|--

= ~Dr.melanogaster  SP/P02824 -VFDA--LI-|-KYD-PKIAE-MKHW---VVSDGG |KPKIG-- -EI| |DA LFEGQ-F  ---KNDK- |R|--

sh.mansoni SP/P08418  -VFDAT-LI- |---D-PS--S-MKHW--EVTQVGG |KLKIC-- LEI| |DS LCDGI-F  ---TNDK-|R|--

tae.elegans SP/P09446 -VFDA--L1-{-K-D-PA--S-MKHW---V-S-EG |KPKVQ-- -E1| (DS LFEGI-F  ---TNDKD|R|F-

Animals | Xenopus laevis  SP/P20827 -VFDA--LI-|-K-N-PV--C-LKHW--QUVSDEG |KPKVK-- -EI1| |DS LFEGI-F  ---TNDK~|R|--

Rainbow trout SP/P08108 -VFDA--LI-|---D-GV--S-MKHW--EV-NDST |RPKL@-- -EI| |DS LYEGI-F  ---TNDK-|R|--

thicken SP/P08106 --FDA--LI- |-KYD-PT--S-MKHW--RVVNEGG |KPKV@-- -El| |DS LFEGI-F  ---TNDK- |R|--

N Mouse SP/P12225 -VFDA--LI-|:--D-AV--S-MKHW--MVVNDAG |RPKVQ-- -EI| |DS LYEGI-F  ---TNDK-|R|--

L Human SP/P11142 -VFDA--LI-|---D-AV--S-MKHW--MVVNDAG |RPKVQ-- -EI| |DS LYEGI-F  ---TNDK-|R|--

O, @

FIG. 26. Excerpt from the Hsp70 sequence alignment showing some of the important sequence signatures (boxed' tegions) (i'istinguishing eukaryotic nuclgar—
cytosolic homologs from prokaryotic and organellar homologs. G~ and G refer to gram-negative bacteria and gram-positive bacterla, respectively. The boxeq region
marked O shows the diderm insert in the N-terminal quadrant common to all eukaryotic homologs and gram-negative bacteria. The signatures marked EI and O 1@entlfy
two indels that distinguish eukaryotic nuclear-cytosolic homologs from all organellar and prokar'yotic homologs. Other prokaryotl'c homologs not included in this
alignment (e.g., some shown in Fig. 3) also contained the indicated signature sequences. Not all} signature sequences of the above kinds are shown. The notation (e)
in parentheses identifies ER Hsp70 homologs. Mitochond. and hydrogeno. refer to mitochondria and hydrogenosome homologs.
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RAT protein (105). These signatures provide evidence that the
eukaryotic homologs of these proteins are of eubacterial rather
than archaebacterial origin.

In a recent study, Feng et al. (63) reported that of the 34
protein families that they examined, for 17 a closer relationship
of the eukaryotic homologs to eubacteria was observed. In
contrast, only 8 of the 34 proteins indicated a eukaryote-ar-
chaebacteria relationship. In addition to these results, our
BLAST searches of the proteins encoded by the Haemophilus
influenzae genome (66) have identified a number of proteins
for which the eubacterial and eukaryotic homologs are present
but no related protein has thus far been found in archaebac-
teria (Table 3). Although some of these proteins may corre-
spond to organellar homologs, or for some archaebacteria ho-
mologs showing closer affinity may be found in the future, it is
likely that for many of these proteins the nuclear-cytosolic
homologs are again derived from gram-negative bacteria
rather than archaebacteria. Another striking characteristic of
eukaryotic cells not explained by an archaebacterial origin is
their membrane lipid composition (156). All eukaryotic cell
membranes contain ester-linked fatty acid lipids like eubacte-
ria rather than the ether-linked lipids that define archaebacte-
ria (127, 258). Thus, the eukaryotic cell membranes are of
eubacterial rather than archaebacterial origin. It should be
clear from the above examples that eubacteria have also made
significant contribution to the eukaryotic nuclear-cytosolic
genes. Hence, the premise that archaebacteria and the ances-
tor eukaryotic cell had a common ancestor exclusive of eubac-
teria is doubtful.

Upon examination of different gene and protein phylog-
enies, where the relationships between the prokaryotic and
eukaryotic homologs have been studied, one finds that these
generally fall into one of the following three groups: those
favoring an archaebacterial-eukaryote clade, those supporting
a gram-negative-eukaryote clade, and a third equivocal group
where the phylogenies are unable to support or refute any
specific relationship between prokaryotes and eukaryotes (49,
53, 69, 85, 126, 197a, 205, 258). The overall inference from
these phylogenies that the eukaryotic homologs in different
cases show greater similarity to either archaebacteria or gram-
negative bacteria is thus consistent with the signature se-
quences in various proteins described here.

The question now arises of how we can explain the mutually
discordant histories of different eukaryotic nuclear genes,
where some genes (particularly those related to the informa-
tion transfer processes) are clearly derived from archaebacte-
ria whereas many others show a close affinity to the gram-
negative bacteria (and it is unlikely that they are derived from
organellar homologs). These results cannot be explained or
accounted for by the three-domain proposal (258) or the eo-
cyte tree (149, 198), which posits that the eukaryotic cell and
archaebacteria (or eocytes) had a common ancestor exclusive
of any eubacteria. Likewise, other proposals for the origin of
eukaryotic cells, including evolution of eukaryotic cells from a
transient intermediate between archaebacteria and gram-pos-
itive bacteria (30), evolution of eukaryotic cells by engulfment
of an archaebacterium by a hypothetical protoeukaryotic lin-
eage that contained RNA-based metabolism (109, 217), origin
of eukaryotic cell nucleocytoplasm from an archaebacterium
such as Thermoplams acidophilum (212) and undulipodia (i.e.,
motility components such as microtubules) from a spirochete
(161, 162), and evolution of eukaryotic cell from a hypothetical
prokaryotic lineage that somehow developed phagocytic capac-
ity (46), also cannot account for or explain these results.

To explain the global phylogenies of eukaryotic nuclear-
cytosolic genes and proteins, we have proposed that the ances-
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tral eukaryotic cell, rather than originating from any one par-
ticular group of prokaryotes, evolved by means of a unique
fusion event between an archaebacterium and a gram-negative
bacterium (Fig. 1) (85, 99, 102, 105, 108, 125). The observation
of Rivera and Lake (198) on EF-1a sequences suggests that the
archaebacterial partner in this fusion was an eocyte or Cren-
archaeota archaebacterium, and the signature sequences in
Hsp70 now provide evidence that the eubacterial partner be-
longed to the proteobacteria-1 lineage (Fig. 28). At an early
stage after the suggested fusion, an assortment or selection of
genes from the two fusion partners occurred, during which
most of the genes for information transfer such as replication,
transcription, and translation were retained from the archae-
bacterial partner whereas many of the genes for other compo-
nents and functions such as membrane lipids, Hsp70, Hsp90,
adenylosuccinate synthetase, IMP dehydrogenase, FGARAT,
and alanyl-tRNA synthetase, were kept from the gram-nega-
tive bacterium. The ancestral eukaryotic cell is thus a true
chimera that retained and integrated different characteristics
from each of the prokaryotic parents (85, 99, 102, 105, 108).

It should be mentioned that the chimeric origin of the an-
cestral eukaryotic cell by a fusion between an archaebacterium
and a eubacterium was first proposed by Zillig (263) to account
for the observation that while the large subunits of eukaryotic
RNA polymerase II and III exhibited greater similarity to
archaebacteria, RNA polymerase I appeared more closely re-
lated to eubacteria (196). However, in the later work of Zillig
and coworkers, this chimeric model was not favored (139, 158).
Lake et al. (154) also mentioned the possibility that the eu-
karyotic cell nucleus was derived via endosymbiotic capture of
an archaebacterium by a eubacteria, but this possibility was not
supported in later work (149, 150, 198). However, more re-
cently, based upon the increasing evidence pointing to the
contribution of both archaebacteria and gram-negative bacte-
ria to the eukaryotic nuclear genome, many investigators have
supported a chimeric origin of the ancestral eukaryotic cell (52,
63, 156, 163, 166, 218).

Origin of the Nucleus and Endoplasmic Reticulum

The key defining characteristics of all eukaryotic cells is the
presence of a membrane-bounded nucleus, and hence any in-
sight relating to the origin of the nucleus or the events which
accompanied its formation should be of central importance in
understanding the origin of the eukaryotic cell. Important in-
sight into this regard is provided by the proteins which are
found in the ER. Since the ER is contiguous and forms the
nuclear envelope in eukaryotic cells (3, 162), its evolution most
probably took place in concert with the nucleus. Thus, the
origin of the proteins found in the ER and their evolutionary
relationship to other prokaryotic and eukaryotic proteins is
critical in understanding the origin of the nucleus. For a num-
ber of proteins (Hsp70 and Hsp90) which function as molec-
ular chaperones in the transport of other “passenger proteins”
across membranes (40, 190), distinct homologs are found in the
ER and cytosolic compartments in all eukaryotic species ex-
amined (17, 97, 102, 180).

In our earlier work (102), both ER and cytosolic homologs
for Hsp70s were cloned from Giardia lamblia, which is one of
the earliest-branching eukaryotic lineages (32, 102, 112, 219,
234). The two types of homologs could be readily distinguished
based on a number of different sequence features including the
N-terminal ER targeting sequence and a C-terminal ER re-
tention signal. The cloning of an ER Hsp70 homolog from G.
lamblia provided the first strong molecular evidence that the
ER originated very early in the eukaryotic cell (102). Direct
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evidence for the presence of an ER and of a complex endo-
membrane system in G. lamblia has now been obtained by
immunoelectron microscopy with antibodies to the ER Hsp70
(221). Based upon their signature sequences, both the ER and
cytosolic Hsp70s from all eukaryotic organisms are shown to be
of nuclear-cytosolic origin and are derived from gram-negative
bacteria (Fig. 26). Although both cytosolic and ER Hsp70s
contain numerous unique shared sequence signatures not
found in any prokaryotic or organellar homologs, phylogenetic
analyses of these sequences show that they form paralogous
gene families (Fig. 27) that evolved by a gene duplication event
very early in the evolution of eukaryotic cells (102).

Phylogenetic studies with another molecular chaperone pro-
tein, Hsp90, also clearly indicate that the ER and cytosolic
forms of this protein form paralogous gene families that re-
sulted from an ancient gene duplication event (Fig. 30) (97).
The ER homologs of Hsp90, in addition to their characteristic
N-terminal ER-targeting sequence and C-terminal ER reten-
tion sequence (97), can be distinguished from the cytosolic
homologs by a 2-aa insert present in them (signature 0 in Fig.
31). Figure 31 also shows another signature sequence in Hsp90
(marked O), which distinguishes all eukaryotic homologs from
the prokaryotic homologs. Similar to the Hsp70 protein, this
signature was again probably introduced into the common
ancestor of eukaryotic cells at the time of its origin. In addition
to Hsp70 and Hsp90, preliminary evidence also exists that the
cytosolic and ER forms of another molecular chaperone pro-
tein, DnaJ/Hsp40, also resulted from a gene duplication event
at a very early stage in eukaryotic cell history (reference 27 and
unpublished results).

The question should be asked why these molecular chaper-
ones are present in the ER and why duplication of their genes
accompanied, or was necessary for, the origin and evolution of
the ER (nucleus). As mentioned above, one of the main func-
tions of these molecular chaperone proteins is that they facil-
itate protein transport across intracellular membranes (40, 190,
193). To account for these observations as well as the chimeric
nature of eukaryotic nuclear genes, we have suggested that the
ancestral eukaryotic cell originated by a unique fusion event
between a gram-negative bacterium and an eocyte archaebac-
terium (99, 102, 105). Although the details of this fusion event
are not clear, it is postulated to be distinct from a normal
endosymbiotic event (154, 156, 210), where the guest species
retains its structural identity at least in a vestigial form. In a
simplistic scenario (Fig. 32), a gram-negative eubacterium,
probably lacking a cell wall, developed a symbiotic relationship
with an archaebacterium. This symbiotic relationship led to the
loss of the outer membrane from the gram-negative partner,
which no longer needed it to shield itself from antibiotics in the
external environment. The loss or extensive divergence of
many genes which were no longer essential under these con-
ditions from the two partners also took place under these
conditions. The eukaryote-specific signature sequences present
in many genes were also probably introduced at this early
stage. Over time, the bacterial partner developed numerous
membrane infolds that completely surrounded the archaebac-
terium. The detachment of these membrane infolds from the
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bacterium eventually led to the creation of the ER, which
surrounded the archaebacterium. The membrane of the ar-
chaebacterial partner became redundant under these condi-
tions and was eventually lost (Fig. 32). The formation of the
nuclear envelope and ER by detachment of membrane infolds
would create a new compartment in the cell, which had to
communicate (i.e., import and export proteins and other mol-
ecules) with the rest of the cell. Therefore, the formation of
this compartment was either accompanied or, more likely, pre-
ceded by duplication of the genes for the chaperone proteins
(Hsp70, Hsp90, Dnal, etc.), which are essential for this pur-
pose (97, 102). Subsequently, the genome of the eubacterial
partner was transferred to the newly formed nucleus, leading
to a complete integration of the two parental cells types and
the creation of a new cell: the common ancestor of all eu-
karyotes (97, 99, 102). It should be mentioned that unlike other
endosymbiotic events leading to the origins of mitochondria
and plastids, which have resulted in the formation of cells with
“host plus endosymbiont” phenotypes, the primary fusion
event postulated here involved complete integration and loss
of identity of the two fusion partners, creating a new cell which
was very different from a simple combination of the two fusion
partners, i.e., “archaebacterium plus eubacterium.”

The phylogenies and signature sequences in different genes
and proteins provide strong evidence that the postulated fusion
event that gave rise to the ancestral eukaryotic cell was unique
and that a successful fusion between prokaryotic parents that
gave rise to the eukaryotic cell took place only once in the
history of life (99). The evidence for this is derived from sig-
nature sequences in a number of proteins, namely, Hsp70 (Fig.
26), Hsp90 (Fig. 31), and glucose-6-phosphate transaminase
(Fig. 33), which are unique to all eukaryotic nuclear-cytosolic
homologs but are not found in any prokaryotic or organellar
homologs. These eukaryotic specific signatures were probably
introduced into the common ancestor of eukaryotic cells at the
time of its formation and then passed on to all descendants.
The presence of these unique signature sequences provides
strong evidence that all extant eukaryotic species are mono-
phyletic (99, 102, 105, 250).

The origin of eukaryotic cell by a unique fusion event in-
volving two different groups of prokaryotes, as suggested here,
is preferable to the three-domain model, or a number of other
proposals for the origin of the eukaryotic cell, for the following
reasons. (i) In contrast to the three-domain proposal, which
accounts for only some of the gene phylogenies, the chimeric
model is the most parsimonious way to explain all of the gene
and protein sequence data. (ii) Unlike a number of earlier
proposals which postulate the origin of eukaryotic cell from
some hypothetical lineages possessing unique characteristics
(30, 46, 109, 217), the present model indicates that the ances-
tral eukaryotic cell was derived from prokaryotic parents re-
lated to the extant lineages. (iii) It readily explains why certain
characteristics of eukaryotic cells are similar to archaebacteria
(e.g., components of transcription and translation machinery)
while others are clearly derived from eubacteria (e.g., ester-
linked straight-chain membrane lipids, fatty acids, Hsp70,
Hsp90, and adenylosuccinate synthetase). (iv) It provides a

FIG. 27. A consensus neighbor-joining tree based on Hsp70 sequences (bootstrapped 100 times) showing the relationship between prokaryotic and various
eukaryotic homologs. The tree is based on 531 aligned amino acid positions. The main points to be noted are as follows: mitochondrial and chloroplasts homologs show
a specific relationship to the a proteobacteria and cyanobacteria, respectively; the hydrogenosome homolog from Trichomonas branches with the mitochondrial clade;
the eukaryotic nuclear-cytosolic homologs form a distinct clade within gram-negative bacteria unrelated to the organellar homologs; the ER and cytosolic homologs
form paralogous gene families; and archaebacterial homologs (marked with asterisks) show polyphyletic branching within gram-positive bacteria. In the tree shown, only
a small number of divergent eukaryotic homologs are included. However, inclusion of additional eukaryotic homologs does not alter the phylogenetic relationship shown

here (unpublished results).
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FIG. 28. Signature sequences (boxed and shaded) in the Hsp70 protein showing the relationship of eukaryotic cytosolic homologs to proteobacteria-1 group (alpha,
delta, and epsilon subdivisions as well as Thermomicrobium roseum). The homologs from various prokaryotic phyla as well as different eukaryotic homologs are
identified. The notations (m), (c), (e), and (h) denote mitochondrial, chloroplast, ER, and hydrogenosome homologs, respectively. The signatures P1 and P2 identify
sequences that distinguish between proteobacteria-1 and -2. The presence in all nuclear-cytosolic homologs of the 2-aa proteobacteria-1 signature but not the 4-aa
proteobacteria-2 signature provides evidence that these homologs are derived from a member of the proteobacteria-1 group. The signatures marked E1 are also
common to proteobacteria-1 and proteobacteria-2 as well as eukaryotic cytosolic Hsp70s, supporting the above inference. The signatures E2 identify two substitutions
that are present in all members of the alpha proteobacteria as well as mitochondrial and hydrogenosome homologs but absent in other groups of proteobacteria and
eukaryotic cytosolic homologs. These signature suggest that the eukaryotic nuclear-cytosolic homologs have originated independently of mitochondria and hydrogeno-
somes.
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plausible explanation for the origin of the eukaryotic cell nu-
cleus and endomembrane systems. (v) Although the enormous
structural differences between the eukaryotic and prokaryotic
cell types (169) and the absence of any intermediates in this
transition, cannot be readily explained by normal evolutionary
mechanisms, this major evolutionary discontinuity can be ex-
plained by an origin of the eukaryotic cell by fusion of two
different groups of prokaryotes. (vi) Doolittle and coworkers
(51, 63) have inferred that the eukaryotic species diverged
from either archaebacteria or eubacteria about 2 Ga ago based
on genetic distances between protein sequences. Although
these estimates involve many assumptions (84) (see “Molecu-
lar phylogenies: assumptions, limitations, and pitfalls”), the
inferences derived are consistent with the present model.

Did Mitochondria and the First Eukaryotic Cell Originate
from the Same Fusion Event?

In the past, it has been generally accepted that the ancestral
eukaryotic cell lacked mitochondria, which were acquired in a
later endosymbiotic event (90, 92, 159, 162, 258). However, the
recent finding of certain glycolytic and fermentation enzymes,
i.e., glyceraldehyde-3-phosphate dehydrogenase, triosephos-
phate isomerase, pyruvate:ferredoxin oxidoreductase, ferre-
doxin, and alcohol dehydrogenase E, and other mitochondri-
on-specific proteins (e.g., Hsp60 and mitHsp70) in a number of
protist phyla, namely, Parabasala (e.g., Trichomonas vaginalis),
Archamoebae (e.g., Entamoeba, Pelomyxa), Microsporidia
(Vairimorpha nectarix), and Diplomonands (Giardia), which
were previously thought to lack mitochondria, has suggested
that the mitochondrial endosymbiosis occurred much earlier
than was previously suspected (25, 35, 52, 78, 113a, 120, 123,
135, 165, 199-201, 218). Based on these studies, while the exact
time when mitochondria originated will no doubt be moved
considerably earlier, the interpretation of these results con-
cerning the origin of eukaryotic cells requires caution. The
phylogenies based on glycolytic and fermentation enzymes are
ambiguous. For glyceraldehyde-3-phosphate dehydrogenase,
multiple homologs are present in both prokaryotic and eukary-
otic species and their relationships to each other is not clear
(116, 165, 201). The phylogenies of pyruvate:ferredoxin oxi-
doreductase, ferredoxin, and alcohol dehydrogenase E have
led Rosenthal et al. (201) to conclude that the eukaryotic genes
for these proteins in early-branching protists were derived
from bacteria by means of horizontal gene transfers.

More credible evidence for the presence of mitochondrial
genes in early-branching protists comes from the study of the
heat shock molecular chaperone proteins Hsp60 (or Cpn60)
and Hsp70 (25, 35, 78, 120, 123, 199, 200, 218), where the
phylogenies and the relationship between different homologs
are well understood (17, 96, 98, 105, 108, 246). In eukaryotes,
Hsp60 genes are derived primarily from organellar genomes
(i.e., mitochondria and chloroplasts) and no close homologs of
nuclear-cytosolic origin are known (96, 98). Thus, the presence
of any Hsp60 gene in a species is generally taken as evidence
that it once contained mitochondria. However, it is important
to point out that mitochondrial Hsp60 possesses no unique
sequence characteristic, except for the presence of a N-termi-
nal mitochondrial targeting presequence (MTP), by which it
could be distinguished from bacterial homologs. In contrast to
Hsp60, all eukaryotes contain a number of distinct Hsp70 ho-
mologs. The mitochondrial Hsp70 homologs, in species which
contain mitochondria, are clearly distinguished from nuclear-
cytosolic homologs by signature sequences and phylogenetic
branching patterns (Fig. 26 and 27), but they are indistinguish-
able from the alpha proteobacterial homologs, except for the
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presence of a N-terminal MTP (214). Thus, the main basis for
concluding that a given Hsp60 or Hsp70 homolog, from a
species lacking mitochondria, is of mitochondrial origin is
based on three lines of evidence: (i) localization of the ho-
molog to a subcellular compartment that may be related to
mitochondria (i.e., hydrogenosomes), (ii) the presence of char-
acteristic MTP sequences found in mitochondrial homologs,
and (iii) branching of the homologs with the mitochondrial
clade in phylogenetic trees. Of these three lines of evidences,
in my view the first two are more reliable indicators of mito-
chondrial origin. Since many protist species, including Giardia
lamblia, harbor intracellular bacterial symbionts and/or sur-
face-attached bacteria (1, 160), some of which could be derived
from the same group of prokaryotes as mitochondria, based on
the branching pattern of the homolog with the mitochondrial
clade alone, the possibility that the observed gene is either a
bacterial contaminant or derived from bacteria via horizontal
gene transfer cannot be excluded.

Examined in this light, there is good evidence that Hsp60 or
Hsp70 genes identified in Trichomonas vaginalis are of mito-
chondrial origin. These genes are localized in hydrogenosomes
which, based on biochemical criteria, are related to mitochon-
dria (172); some of these genes contain targeting sequence
similar to those found in mitochondria; and they branch con-
sistently with mitochondria in independent studies (25, 78,
199). The homologs for these proteins in Entamoeba histolytica
and Vairimorpha nectarix are also probably of mitochondrial
origin, since in addition to their branching with the mitochon-
drial clade, they contain MTP-like sequences (35, 120). How-
ever, evidence for the ancestral presence of mitochondria in
diplomonads from studies on G. lamblia (200, 218), which
constitutes one of the earliest-branching lineages in many gene
phylogenies (32, 102, 113, 219, 234), must be viewed with
caution. Evidence for the presence of mitochondria in this
protist is based mainly on the branching of Hsp60 homolog
with the mitochondrial clade (200). The cloned gene contains
no N-terminal MTP sequence characteristic of mitochondria
or other related organelles. In this context, it should be pointed
out that the presence of an Hsp60-related protein in Giardia
was first suggested in our work based on cross-reactivity of
Hsp60 antibodies to a giardial protein (222). However, our
cloning studies with Giardia (unpublished results) resulted in
the isolation of a novel Hsp60 gene that has all the character-
istics of a bacterial rather than a mitochondrial gene: (i) it lacks
any upstream targeting sequence characteristic of organellar
genes, and (ii) it hybridized to Giardia cultures grown under
standard conditions but showed no hybridization when the
cells were grown in the presence of antibiotics such as strep-
tomycin. It should be emphasized that in these studies no
bacterial contaminant could be detected by light or electron
microscopic investigation or by staining with Hoechst 33258,
indicating the cryptic nature of these bacteria (reference 222
and unpublished results). These observations emphasize the
need for caution in interpreting the results of finding mito-
chondrion-like genes in the earliest-branching eukaryotic lin-
eages for the origin of eukaryotic cells.

The question may now be considered whether the primary
fusion event that led to the origin of the eukaryotic cell was
identical to or distinct from the one that gave rise to mitochon-
dria (52, 129, 166). In view of the recent findings, it is clear that
the endosymbiotic event leading to the acquisition of mito-
chondria took place much earlier than was previously believed
(29, 32, 218). However, the available data in my view still
strongly indicate that mitochondrial endosymbiosis was distinct
from the primary fusion event that gave rise to the ancestral
eukaryotic cell. Some key observations which support this con-
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tention are as follows. (i) The mitochondria, like later endo-
symbionts (plastids), have retained most of the structural and
functional characteristics of the prokaryotic parent from which
they evolved, including their distinct information transfer ma-
chinery. There appears to be no direct contribution from ar-
chaebacteria to the mitochondrial function. In contrast to the
distinctly eubacterial nature of mitochondria and the genes
encoding various mitochondrial proteins, the eukaryotic cell
and nuclear genome are totally distinct from mitochondria and
represent a true integration of different characteristics from
both archaebacterial and eubacterial partners, which lost their
identity in the process. (ii) For the Hsp70 protein, which rep-
resents the best-studied eukaryotic protein family, the mito-
chondrial and nuclear cytosolic homologs are quite different
and show no affinity for each other (102, 103, 108). All of the
nuclear-cytosolic homologs of Hsp70 contain a large number
of sequence characteristics that are not present in any mito-
chondrial homologs or alpha proteobacteria. (iii) While the
cytosolic and ER-specific Hsp70 have been identified in all
eukaryotes, no gene for the mitochondrial Hsp70 has thus far
been detected in the earliest-branching eukaryotic lineages
such as Giardia. (iv) Even if such a gene is identified in Giardia
in future studies, then to account for the very different se-
quence characteristics of the mitochondrial and nuclear-cyto-
solic homologs, one would have to postulate that the endosym-
biotic event leading to the formation of the eukaryotic cell was
immediately followed by a duplication of genes for the Hsp70
protein and then by extensive divergence of one gene copy
corresponding to one of the nuclear-cytosolic homologs. This
gene duplication event then needs to be immediately followed
by another gene duplication in the earliest eukaryotic ancestor
to account for the paralogous families of ER and cytosolic
homologs, which are found in all eukaryotic organisms. It
would also require that the Hsp70 gene from the archaebac-
terial host be lost in the earliest eukaryotic ancestor, since no
archaebacterium-like Hsp70 is present in any eukaryote. (V)
The formation of eukaryotic cell by endosymbiotic capture of
a gram-negative bacterium by an archaebacterium does not
explain how the eukaryotic cell nucleus and ER were formed
and how the membrane of the archaebacterial host was re-
placed by those of the endosymbiont. The application of Ock-
ham’s razor “Non sunt entia multiplicanda practor necessi-
tatum” (“unnecessary assumptions should be avoided in
formulating hypotheses”) to this problem indicates that it is
highly unlikely that the endosymbiotic event which gave rise to
mitochondria also resulted in the origin of the ancestral eu-
karyotic cell.

Lastly, the nature of the selective forces that led to the origin
of the eukaryotic cell should be considered. Martin and Muller
(166) have recently proposed the hydrogen hypothesis for the
formation of the eukaryotic cell, which posits that the eukary-
otic cell resulted from a symbiotic association between a hy-
drogen-dependent archaebacterium (such as a methanogen)
and an alpha proteobacterium, which under anaerobic condi-
tions produced molecular hydrogen as a waste product. The
driving (or selective) force in this symbiotic association was the
dependence of the archaebacterium on the molecular hydro-
gen produced by the symbiont. Martin and Muller (166), by
making different assumptions, have suggested how this single
symbiotic event could lead to the origin of the eukaryotic cell,
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TABLE 3. Proteins in the H. influenzae genome that are found in
both eubacteria and eukaryotes but for which no archaebacterial
homologs have been found

Gene
Name” identification
no.
1-Acyl-snglycerol-3-phosphate acetyltransferase.................... HI0734
ATP-dependent protease (SMS) .....cceverecuerenee . HI1597
Acetoacetate CoA-transferase (o subunit) . HI0774
Catalase ....c.ccveviic e HI10928
Dehydroquinase.........ceeeeeeeeeeirinisisinieieireee et HI0970
Deoxyribose-phosphate aldolase........c.ccceveueenunnene . HI0047
7,8-dihydro-6-hydroxymethylpterin phosphokinase . HI0064
Dihydrolipoamide acetyltransferase ..........coceeeeeeveccrenrcecnnnee HI1232
Dihydrolipoamide succinyltransferase............cocecevevvvireervinenne HI1661
Dihydropterate synthase ........coecceveueernecrneccnrneccrennencenns HI1336
DNA binding protein HU HI0430
DNA mismatch repair protein (MutL) ......cccovvvieevmnicucnence HI0667
DNA polymerase L......ccocvveirininninisriririreeeeeeeesseeene HI0856
Formyltetrahydrofolate hydrolase . HI1588
Fructose-1,6-bisphosphatase.......... . HI1645
GalactoKINASE ......cucvevircreiiiciec s HI0819
Glucose6-phosphate-1-dehydrogenase ...........cococevvicecncienee HI0558
GTP cyclohydrolase I . HI1447
Ketoacyl reductase........coeeveveveeerenerirereecncnee . HIO0155
Leukotoxin secretion ATP binding protein......c.cccccceeeveeeuee. HI1051
5,10-Methylenetetrahydrofolate dyhydrogenase..................... HI1444
NAD(P) transhydrogenase (« subunit)......... . HI1362
Peptide chain release factor 1............. . HI1561
Peptidyl-tRNA hydrolase homolog..........cccceveucenruccnenucncnne. HI0394
Phosphatidylserine synthase...........coceeveeevireeivinenennesenreeeiens HI0425
Phosphatidylserine decarboxylase proenzyme.. . HI0160
Protein translocase subunit (SecA) ............... . HI0909
Replicative DNA helicase (DnaB) .......ccccooeveuvvecccrvenccrennenee HI1574
Ribonucleoside-diphosphate reductase..........ccccceeueueuereuennnn HI1660
Ribosomal protein LO.......cccccccceeneeeee. . HI0544
Ribosomal protein L16 . HI0784
Ribosomal protein L19 HI0201

Ribosomal protein L20.......c.ccccceeueeiemiiineeecreiereieiereierenenens HI1320

Ribosomal protein S6.................... . HI0547
S-Adenosylmethionine synthetase.... . HI1172
Single-stranded DNA binding protein .........c.coceceeeeeeevevccrennee HI0250
ThiOT€AOXIN....cvviiiiirieieie e HI1115
Translation initiation factor IF3 .. . HI1318
Uracil DNA glycosylase ............. . HI0018
Uridine KinNaSe ......ccocvvviviviviiiiiiiiiiiniiiiiiriicinessiecsssssssssens HI0132

“ CoA, coenzyme A.
b Refers to the gene identification number in the H. influenzae genome (66).

mitochondria, and hydrogenosomes. While the model pro-
posed by Martin and Muller satisfactorily accounts for the
origin of mitochondria and hydrogenosomes from the same
endosymbiotic event, it does not explain or even consider the
phylogeny or sequence characteristics of some of the best-
studied eukaryotic protein families which provide the main
evidence about the earliest events in the origin of the eukary-
otic cell, i.e., formation of the ER and nucleus (see the previ-
ous paragraph). In addition to the problems outlined in the
previous paragraph, this model for the origin of the eukaryotic
cell is inconsistent with the following facts. (i) The endosym-
biotic capture of an anaerobic hydrogen-producing bacterium
by a strictly anaerobic archaebacterium should produce a cell

FIG. 29. Signature sequences (boxed) in the Hsp90 (a), IMP dehydrogenase (b), adenylosuccinate synthetase (c) proteins showing the relatedness of the eukaryotic
cytosolic homologs (E) to eubacteria (G* and G ™) rather than archaebacteria (A). For Hsp90, no archaebacterial homolog has been identified in the three genomes

that have been completely sequenced (26, 138, 215).
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which should also be a strict anaerobe; however, to my knowl-
edge, no free-living eukaryotic organism is strictly anaerobic.
(ii) Since this fusion took place in an oxygenic atmosphere
(based upon the evolutionary position of proteobacteria in the
prokaryotic lineage [see “Evolutionary relationships among
eukaryotes”]), an anaerobic cell will be at a great selective
disadvantage under such conditions. (iii) Since endosymbiotic
association between hydrogen-producing bacteria and hydro-
gen-dependent archaebacteria is indicated to be very common,
it does not explain the uniqueness of the fusion event. (iv)
Molecular sequence data indicate that among archaebacteria,
the eocyte group of archaebacteria (i.e., thermoacidophilic)
and not methanogens are the closest relatives of eukaryotes
(198).

In contrast to the hydrogen hypothesis, which posits hydro-
gen dependence as the major selective force, I propose that the
two major selective forces that had a profound influence in

shaping the evolutionary history of life were (i) the antibiotic
selection pressure, which probably led to the evolution of both
archaebacteria and the diderm prokaryotes (see “Possible se-
lective forces leading to horizontal gene transfers”) and (i)
oxygen sensitivity of the organisms when the atmosphere
changed from anaerobic to aerobic (208). In my view, a com-
bination of these two selective forces led to the association and
ultimate fusion of an antibiotic-resistant archaebacterium with
an oxygen-tolerant eubacterium to produce a novel eukaryotic
cell which was antibiotic resistant and oxygen tolerant. This
scenario explains why, during the gene assortment process in
the ancestral eukaryotic cell, most of the genes for the infor-
mation transfer processes (which provide the main targets for
different antibiotics) were retained from the archaebacterial
partner whereas a large number of genes for the metabolic
processes were acquired from the eubacterial parent. To ac-
count for the uniqueness of the fusion event, it is likely that the
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FIG. 31. Signature sequences (boxed) in Hsp90 proteins showing the distinctness of eukaryotic homologs from prokaryotic homologs [l and the distinction between

ER homologs and the cytosolic homologs .

two groups of prokaryotes came together under a unique set of
atmospheric and environmental conditions, which led to an
association and selection of the new cell type.

CONCLUDING REMARKS

Signature sequences and phylogenies based on different pro-
teins permit a reconstruction of the basic evolutionary history
of prokaryotes involving minimal assumptions. These studies
reveal that the evolutionary relationship within the prokaryotic
species is a continuum from the earliest-diverging prokaryotes
(low-G+C gram-positive bacteria and euryarchaeota archae-
bacteria) to the most recent groups (beta and gamma pro-
teobacteria), which can be accounted for by normal evolution-
ary mechanisms. The sequence data on a number of different
proteins suggest that the archaebacteria are polyphyletic and
are close relatives of gram-positive bacteria. The genes which
support a monophyly of archaebacteria are generally those
which are targets for the antibiotics produced by gram-positive
bacteria. Thus, antibiotic-induced selection pressure may have
played an important role in the evolution of archaebacteria,
diderm prokaryotes, and eukaryotes. A previously unrecog-
nized and important distinction within prokaryotes, forming

the primary taxonomic division within them, which is sup-
ported by both molecular sequence data and morphological
features, is of the monoderm prokaryotes (Monodermata, i.e.,
those bounded by a single cell membrane) and the diderm
prokaryotes (Didermata, i.e., those bounded by inner and outer
cell membranes defining a periplasmic compartment). In that
sense, both archaebacteria and gram-positive bacteria are mo-
noderm prokaryotes, and the distinction between archaebac-
teria and eubacteria is misplaced. Based on molecular se-
quences, it is possible to infer that the monoderm prokaryotes
are ancestral and the diderm prokaryotes have been derived
from them. The signature sequences in different proteins sup-
port the division of Archaebacteria into two distinct groups
(Euryarchaeota and Crenarchaeota) and of gram-positive bac-
teria into at least two groups, corresponding to the low-G+C
and high-G+C species, of which the high-G+C group is spe-
cifically related to the diderm prokaryotes. The Deinococcus-
Thermus group of species appears to be intermediate in the
transition between monoderm (i.e., gram-positive bacteria)
and diderm (i.e., gram-negative bacteria) prokaryotes. Within
gram-negative bacteria, evolution seems to have proceeded by
splitting off new groups in the following order: Deinococcus



1486 GUPTA

Eocyte

Y'tote)O‘Oac\?X."“'X Archaebacterium

o

DNA

MICROBIOL. MOL. BIOL. REV.

FIG. 32. Origin of the eukaryotic cell nucleus and endomembrane system as per the chimeric model. The key event in the origin of the eukaryotic cell is postulated
to be a symbiotic association between a gram-negative eubacterium (from the proteobacteria-1 group) and likely an “eocyte” archaebacterium. This association led to
the loss of the outer membrane from the gram-negative bacterium (not shown). As the membrane of the gram-negative bacterium surrounded the eocyte species, the
membrane of the latter species, containing ether-linked lipids (wavy line), became redundant and was lost. Eventual separation of the membrane infolds led to the
formation of the nuclear envelope and ER. The formation of these new compartments was preceded or accompanied by duplication of the genes for the chaperone
proteins (Hsp70, Hsp90, Dnal, etc.), which are necessary for protein transport and communication within the compartments. The transfer of the genome from the
gram-negative eubacterium to the newly formed nucleus and an assortment and integration of genes from the two partners led to the formation of the ancestral
eukaryotic cell. Modified and reproduced from reference 105 with permission of the publisher.

and Thermus — cyanobacteria — chlamydia, spirochetes and
relatives — proteobacteria-1 (includes green nonsulfur bacte-
ria and alpha, delta, and epsilon proteobacteria) — proteobac-
teria-2 (includes beta and gamma proteobacteria).

The evolutionary history deduced here based on signature
sequences in some of the most highly conserved protein se-
quences in the biota is in contrast to the rather confusing
picture that seems to be emerging from other analyses of the
completed bacterial genomes (21, 50, 68, 130, 143, 144, 182,
191, 255). However, as has been pointed out (50, 143, 144,
182), of the large number of sequences in individual genomes,
many are unique to particular organisms or are found in only

—E. coti 790167

H. influenzae 169920

Thio. ferrooxidans 293522

- R. legumminosarum 28480
G R. meliloti 128481
Hel. pylori 2314711

Sy. Sp. PCC6803 651800

- Ther. aquaticus 184044
~Bac. subtilis 161919
G+ Myc. tuberculosis 2388656
L-Myc. leprae 729589

Met. thermoauto. 726643

A [ve. jannaschii 592069
— Cae. elegans 149474

Human 544382

Mouse 346130

E candida albicans 707898
S. cerecvisiae 462173

Schiz. pombe 169892

closely related species and thus are of limited use for evolu-
tionary studies. Many others show limited sequence conserva-
tion, again limiting their usefulness for resolving distant evo-
lutionary relationships. Hence, the number of gene sequences
that show a high degree of conservation and can provide reli-
able evolutionary relationships (unaffected by horizontal gene
transfers, etc.) that correlate with the structural and physiolog-
ical attributes of organisms may turn out to be relatively small.
However, the relationships based on these should be consistent
with and should help explain other information.

The phylogenies and signature sequences based on a range
of proteins also provide evidence that all eukaryotic cells, in-
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FIG. 33. Signature sequence in glucose-fructose-6-phosphate transaminase, showing the presence of a unique signature (boxed) in eukaryotic homologs. The
eukaryotic homologs for Hsp70 (Fig. 26) and Hsp90 (Fig. 31) also contain several unique sequence signatures not found in any prokaryotic homologs. These signature
provides evidence that all of the eukaryotes are derived from a single ancestor and that the postulated fusion event was unique.
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cluding amitochondriate and aplastidic cells, received major
gene contributions to the nuclear genome from both an ar-
chaebacterium (very probably of the eocyte group) and a gram-
negative bacterium (related to proteobacteria-1). From these
data, it is proposed that in contrast to the basic premise of the
three-domain proposal, the ancestral eukaryotic cell never di-
rectly descended from archaebacteria but instead was a chi-
mera formed by fusion and integration of the genomes of an
archaebacterium and a gram-negative bacterium. The avail-
able data indicate that the primary fusion event that gave rise
to the ancestral eukaryotic cell was unique and that it was very
probably distinct from (and preceded) the one that gave rise to
mitochondria and hydrogenosomes. These results provide ev-
idence for an alternative view of the evolutionary relationships
among the extant organisms that differs from the three-domain
proposal.
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