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ABSTRACT
All organisms can be divided among the three domains of life Archaea, Eucarya and

Bacteria but the phylogenetic relationships between these domains has been a center of debate.
Composite phylogenetic trees generated from comparisons of genes that exist in all extant life can
establish the root of these trees at points when the genes diverged by duplication.  From these
composite phylogenetic trees the evolutionary relationships between the three domains can be
determined.  Using genes involved in genomic organization, transcription and translation, this
analysis indicates that Bacteria diverged from the ancestors of Archaea and Eucarya before Archaea
and Eucarya subsequently diverged.  However, there are genes, such as HSP70 and glutamine
synthetase that place Archaea with Bacteria and other genes that place Archaea paraphyletically.
However these anomalous results may  be the results of horizontal gene transfers or convergent
evolution.



Molecular evidence demonstrates that the phylogenetically distinct domain of Archaea is

more closely allied with Eucarya than Bacteria.  Prior to 1977 it was held that organisms were

fundamentally divided into prokaryotes and eukaryotes (Morell 1997).  In 1977, Carl Woese

demonstrated that there exists a group of prokaryotic single celled organisms that, “appear to be no

more related to  the typical bacteria than they are to eukaryotic cytoplasm.” Based on comparisons

of the 16S (18S in eukaryotes) ribosomal RNA of these organisms with that of bacteria and

eukaryotes, Woese proposed a new form of life named archaebacteria.  These  methanogenic

archaebacteria had a metabolism based on the reduction of carbon dioxide into methane (Woese

1977).  Archaea primarily inhabit extreme environments and are divided into two kingdoms,

Crenarchaeota and Euryarchaeota.  While the Crenarchaeota are primarily extreme thermophiles

and sulfur (H2S) metabolizing organisms, the Euryarchaeota are primarily methanogens and

halophiles.  The accumulated evidence of archaebacteria’s distinct nature has resulted in a

reclassification of organisms into the domains of Archaea, Eucarya and Bacteria; kingdoms are

placed underneath domains (Woese 1990).

The question of Archaea’s place in the universal phylogenetic tree has been a consequence

of its discovery; the view that this paper espouses is that the Archaea and Eucarya diverged from a

common ancestor that previously diverged from Bacteria (Fig. 1).  However there is another model

that suggests Archaea shared its last common ancestor with Bacteria, thus grouping Archaea with

Bacteria and maintaining the traditional prokaryote/eukaryote division.  A different view holds that

Archaea are not monophyletic but paraphyletic, grouping the Euryarchaeota with Eucarya and the

Crenarchaeota with Bacteria (Lake 1988) (Fig. 2). The correct phylogenetic placement of Archaea

can be resolved by comparing homologous genes  common to all extant organism.

There are many aspects of Archaea’s gene processing systems which suggest that it shares

a common origin with Eucarya even though metabolic aspects of Archaea suggest a close

association with Bacteria. Since the very different metabolic systems of the lineages diverged so

long ago, their evolutionary relationships can be best resolved using highly conserved genes. This

strategy is necessary since phylogeny can not be derived from similarities in gene sequence



because the rates of evolution are not equal among the three domains (Iwabe 1989).  As such the

conservation of cellular and metabolic traits is less than that of the fundamental systems of genomic

replication, transcription and translation (Olsen 1997).

Comparing the evolutionary relationship between the domains is difficult if the

phylogenetic tree is not rooted.  In creating a universal phylogenetic tree common to all extant

organism this problem is avoided by inferring the rooted using gene duplications that predate the

divergence of the three domains. (Iwabe 1989)

Archaea contains a circular polycistronic genome in which histones compact DNA into

structures like the nucleosomes of Eucarya (Reeve 1997).  While Bacteria maintain a circular

genome with DNA binding proteins, these proteins are not histones and do not regulate

transcription by folding the DNA into nucleosomes.  Histones both in Eucarya and Archaea limit

the ability of transcription and replication factors to access the genome by condensing into

nucleosomes. These archaean histone proteins can form both homodimers and heterodimers but

eucaryote histone proteins can form only hetereodimers of  H2A and H2B, and H3 and H4 core

histone protein.  In addition the residues in hydrophobic faces of histone protein where histone

proteins complex to form dimers are very highly conserved in comparisons of fifteen archaean

histone nucleotide sequences.  The interacting residues in eucaryotes are hydrophobic but are much

more variable. These results indicate that the four eucaryote core histones and the archaean histones

evolved from a common homodimer ancestor that subsequently underwent gene duplications that

lead to the divergence of separate archaean histones and eucaryote core histones (Reeve 1997). The

fact that Archaea and Eucarya contain functional histones that are absent in Bacteria indicates a

shared apomorphy between Eucarya and Archaea. In addition, though the presence of operons in

Archaea parallels the genomic regulation of Bacteria, operon regulation is an evolutionarily fluid

mechanism that can be lost and regained (Olsen  1997).  Operons are even found in the genome of

the nematode Caenorhabditis elegans.

Another example of Archaea’s close phylogenetic relationship to Eucarya is its

transcription process.  Archaea and Eucarya have homologs for the subunits needed for



transcription, TATA binding protein (TBP) , transcription factors (TFB) and RNA polymerase

(RNAP) (Qureshi 1995). Transcription in Archaea occurs 27 bp downstream of a A-box motif that

acts as a promoter like eucaryote TATA boxes by binding proteins that aid RNA polymerase

binding (Qureshi 1995).  The basal proteins needed for transcription in Archaea and Eucarya are

TBP, TFB and RNAP (Reeve 1997).  Eucaryote transcription uses numerous transcription factors

which are absent in Archaea to stabilize the binding of RNAP.  Transcription factor TFB in

Archaea shows a high degree of homology to its functional counterpart in Eucarya TFIIB .  Both

transcription factors perform the  homologous function of increasing the rate and stability of TBP

binding to DNA.  Amino acid sequencing of the TFB gene shows that it contains an N-terminal

putative metal binding region and two direct 75 amino acid repeats like TFIIB.  Furthermore, the

sequence of the TFB of the crenarchaeote Sulfolobus shibatae is 51.7 % identical to the sequence

of euryarchaeote Pyrococcus woesei but has only an average 30% identical to eucaryote species

(Qureshi 1995).  A phylogenetic tree generated from this data illustrates that the archaean species

are monophyletic, not paraphyletic (Qureshi 1995).   TBP primary sequences of archaean species

are on average 40% identical to eucaryote TBP.  In addition, in vitro studies that replace the

archaean TBP with yeast TBP in an archaean transcription system show that eucaryote and

archaean TBP are functionally homologous (Reeve 1997).  Archaea contain only one form of

RNAP compared with the three forms of RNAP in Eucarya.  The archaean RNAP contains 8-13

polypeptide subunits with greater sequence similarity  to eucaryote RNAP than to the bacterial

RNAP.  Archaean RNAP are similar to eucaryote RNAP in that they share a great deal of

complexity in the form of numerous subunits.  The three largest RNAP subunits in the Archaea

Sulfolobus acidocaldarius also show great similarity to the three largest subunits in

Sacccharomyces cerevisae.  While bacterial RNAP contains α, β and β′ subunits which show

similarity to both archaean and eucaryote RNAP,  archaean RNAP is most similar to eucaryote

RNAP.  The similar levels of complexity and sequence in the RNAP, TBP and TFB support the

idea that Archaea and Eucarya shared a common lineage despite the fact that the two groups contain



some RNAP subunits without a clear homology to each other.  The lower complexity of bacterial

RNAP separates it clearly from Archaea and Eucarya (Langer 1995).

The process of translation in Archaea is a conserved mechanism that shows similarities to

both eucaryote and bacterial translation.  Archaea uses Shine-Delgarno sequences to locate

translation initiation sequences but the translation initiation factors  are homologous to eucaryote

initiation factors (Dennis 1997).  Elongation factors (EF) are enzymes that catalyze the binding of

amino-acyl tRNAs to the ribosome in translation.  Comparing the amino acid sequences of the

archaean EF-G and EF-Tu with bacterial and eucaryote homologs EF-2 and EF-1α shows a highly

conserved region of 120 amino acids.  A composite phylogenetic tree generated from the amino

acid sequences of EF from eucaryote species, bacterial species and the Archaea Methanococcus

vannielii places M. vannielii closer to the eucaryote homolog than bacterial homologs. The

topology of this tree show that the EF are present in all phylogenetic domains and that the gene

duplication event that produced EF-Tu (EF-1α) and EF-G (EF-2) occurred before the divergence

of the three phylogenetic domains (Iwabe 1989). EF-2 also contains a sequence of eleven amino

acid residues that have a remarkably high degree of conservation between Eucarya and the Archaea

M. vannielli, Halobacterium cutirium, and Thermoplasma acidopilium (Gehrmann 1985).  This

evidence adds support to the hypothesis that Archaea and Eucarya diverged last from a common

ancestor because of the sequence similarities and their placement on the composite phylogenetic

tree.

As other components in translation, amino-acyl t-RNA synthetases catalyze the

esterification of an amino acid to its respective t-RNA molecule. The isoleucyl t-RNA synthetase

for the Archaea Pyrococcus furious, S. acidocaldarius and M. thermoautotropicum have bacterial

and eucaryote homologs.  A maximum parsimony tree constructed from a phylogenetic analysis

not only found that the archaean homolog was much closer to the eucaryote homolog than the

bacterial homolog but that the archaean species also formed a monophyletic grouping.  Not only

does this prove that Archaea and Eucarya last diverged from a common ancestor but that Archaea



itself is monophyletic.  This refutes the Archaea and Bacteria clade and  paraphyletic Archaea views

since P. furiosus and M. thermoautotropicum are euryarchaeotes and S. acidocaldarius is a

crenarchaeote. (Brown 1995)  In general, archaean t-RNA synthetases resemble eucaryote tRNA

synthetases more than the bacteria homolog.  The tryptophanyl tRNA synthetases of M.

jannaschii and Eucarya are very similar but show little similarity to the bacterial form (Bult 1996).

Further comparisons of the tRNA introns splicing mechanism in Archaea and Eucarya link

the domains.  Eucaryote and archaean t-RNA contain introns 14-106 nucleotides long in the

anticodon loop between the first two bases 3’ to the anticodon in the mature t-RNA.  The introns

themselves are highly variable and show no clear relationship to other introns or to each other.

Archaean t-RNA contain a bulge-helix-bulge motif, two three-nucleotide loops separated by a four

base pairs helix, on the anticodon loop while eucaryote t-RNA has only a three-nucleotide bulge

motif (Fig. 3).  The tRNA intron endonuclease in yeast is a tetramer of 54, 44, 34 and 15kDa

subunits that identifies the splicing site by “measuring” the distance from the mature tRNA domain

to the exon intron boundary. The 44 kDa (Sen2) subunit that cleaves the intron at the 5’ splicing

site is highly similar to the 34kDa (Sen 34) subunit that cleaves at the 3’ splicing sites over a 50

amino acid domain. (Trotta 1997)  The tRNA endonuclease in the Archaea Haloferax volcanii is a

37 kDa homodimer that cleaves the intron-exon boundary by recognizing the bulge helix motif.

The archaean and yeast endonucleases are unable to cleave each others tRNA precursors illustrating

the need  for the specific motifs to initiate cleavage.  However the Sen2 and the Sen 34 are

homologous to each other and to the H. volcanii endonuclease over an 115 amino acid sequence.

Inferred endonuclease sequences from M. jannaschii and M. thermoautotropicum also share this

homology.  Although the endonucleases and structural motifs required for tRNA splicing differ in

Archaea and Eucarya they are homologous  over a large amino acid sequences.  In addition the

similar locations of the introns in the tRNA and the use of two subunits to cleave the tRNA point to

a common origin for archaean and eucaryote t-RNA splicing pathway. This data points to a

divergence of an ancient homodimer endonuclease into two different subunits (Klemen-Leyer

1997).  Bacteria in contrast do not use endonuclease to process tRNA but contain t-RNA with



catalytic RNA that self splices.  The high degree of similarity in tRNA splicing places Archaea

closer to Eucarya.

Accordingly DNA replication in Archaea should be similar to that in Eucarya.  Eucaryote

DNA replication uses family B polymerases as do Archaea.  While bacteria contain a very similar

family B polymerases, analysis of the replication proteins show that all eucaryote and archaean

replication proteins are significantly more similar (Edgell 1997) (Fig 4).

The homology between Archaea and Eucarya is not limited to replication, transcription and

translation.  There exists a gene family for ATPases that associate with a variety of cellular proteins

(AAA) that all contain a conserved ATPase domain (CAD) with a length of 230 to 250 amino

acids. These proteins are involved in a number of cellular processes including protein degradation,

vesicle fusion and protein import. The ATPase domain has an unique structure referred to as a

Walker motif  whose sequence is conserved throughout the three phylogenetic domains (Swaffield

1997).  Factoring the highly conserved motif and the wide range of metabolic functions of CAD’s,

one can discern the evolutionary relationship of these proteins.  Comparisons of 105 CAD genes

from 38 species representing members of all three domains showed that there exists six proteins

classes: metalloproteases, proteasomal regulatory factors, cytoskelatal interaction proteins, two

separate membrane fusion proteins and the orphan class   (Swaffield 1997).  All the protein classes

form clades except for the orphan class which contains highly divergent CAD sequences.  Nearly

all bacterial CADs belong to bacterial metalloproteases, thus placing bacteria in a monophyletic

group.  There exist some eucaryote CADs that belong to the metalloprotease class but they exist

solely anchored to the walls of mitochondria and chloroplasts, suggesting that their existence in

Eucarya is a result of the endosymbiotic events that resulted in the transfer of the metalloprotease

genes.  The fact that the sole existence of CADs in Bacteria is metalloproteases suggests that this

AAA protein was the present before the split of Bacteria from Archaea/Eucarya (Swaffield 1997).

Proteasomal regulatory proteins exist in both Eucarya and Archaea as part of the 20S core particle

of the 26S proteasome which engages in the major degradation of proteins within the cell.  The

archaean 20S subunits α and β each correspond to seven subunits of the fourteen subunit



eucaryote 20S suggesting that the proteasomal regulatory proteins evolved after the split of Eucarya

from Archaea (Swaffield 1997).  The pattern found in membrane fusion proteins replicate the

results found in the proteasomal regulatory proteins but the cytoskelatal interaction proteins exist

only in eucaryote and form a strong clade (Swaffield 1997).  Analyzing these factors allows one to

create a phylogenetic tree that roots each of the CAD containing AAAs.  From this we can see the

evolution of the CADs proceeded by the divergence of bacterial metalloproteases from the

archaean/eucaryote ancestor which then evolved proteasomal regulatory, cytoskelaton interaction

and membrane fusion proteins.  Archaea and Eucarya CAD’s subsequently diverged.  The gene

duplication events were proceeded by the diversification of the protein families and the loss of

cytoskelaton interaction protein in Archaea.  The evolutionary picture of the evolution of the CAD

containing proteins is interesting for it shows that Archaea are consistently monophyletic and that

Archaea and Eucarya diverged from a common ancestor since the CAD diversification parallels the

divergence of the three domains (Swaffield 1997).

Other conserved cellular proteins include ATPase and ftsZ. The α and β subunits of the

archaean ATPases have bacterial and eucaryote homologs (F1-ATPases).  Using a phylogenetic

analysis to create a tree from a comparison of the α and β subunits of F1-ATPase and their

homologs, the most recent divergence of Archaea and Eucarya was from a common ancestor

(Iwabe 1989).  Furthermore V-type ATPase, which are found in eucaryote endomembrane

vacuolar vesicles, have been detected in archaean  plasma membranes.  ATPase from the bacteria

Thermus thermophilus was shown to be a V-type ATPase by its resistance to azide inhibition,

sensitivity to nitrate inhibition, large alpha subunit  and a high degree of similarity at the N-terminal

amino acid sequences of the two major subunits to those of V-type ATPase though it was expected

to be an F1-ATPase (Tokoyama 1990). The sequence of ATPases from the Archaea H. salinarium

were compared with those in  other Archaea such as S. acidocaldarius and Methanosarcina

barkeri, and V-type and F-type ATPases from various bacterial and eucaryote species.  A



phylogenetic tree constructed from both catalytic and non-catalytic sequences showed that the

Archaea are more closely related to Eucarya that Bacteria.

Fts Z is a cell division protein that exists both in Bacteria and Archaea and hydrolyze bound

GTP to form tubules that create a cytoskelaton; all of which suggests a homology to tubulin.  H.

salinarium  has ftsZ that is 32% identical in amino acid sequence to E. coli and 38% to Bacillus

subtilis ftsZ protein, while the E. coli and B subtilis are 47% identical to each  other.  The ftsZ

protein does not function  unless exposed to environments of high salinity.  By creating a stable

transformation of the ftsZ in H. salinarium the expression of ftsZ was manipulated such that the

normally rod shaped cells became spherical, trapezoidal and triangular.  The connection of ftsZ to

cytoskelaton function validates its comparison to tubulin.  The H. salinarium ftsZ was also found

to be highly divergent from both bacterial ftsZ and eucaryote tubulin but upon the generation of a

phylogenetic tree analysis the H.salinarium ftsZ was consistently placed closer to tubulin (Fig. 5).

This tree was consistent with the previously shown phylogenetic relationships that Eucarya and

Archaea share a most recent common ancestor.  (Margolin 1996)

However not all data places Archaea and Eucarya in the same branch in the tree of life.

HSP70 is a molecular chaperonin that exists in all three domains, regulating the intracellular

transport of protein and protecting the cell from the extreme thermal stress of the environment.

This protein is highly conserved throughout evolutionary time based on sequence comparisons

between HSP70 homologs in Archaea, Bacteria, mitochondria and chloroplasts (Gupta 1993).

These proteins do contain signature sequences that are shared between Archaea and gram negative

bacteria.  Phylogenetic analysis of eighteen Archaea species with bacterial and eucaryote species

placed Archaea with gram-positive bacteria (Gupta 1993). The corresponding parsimony tree

strongly suggests that polyphyletic placement of Archaea with gram-positive group (Gupta 1993).

The isoleucyl t-RNA synthetase from the gram positive bacterium Mycobacterium tuberculosis

was also found to be an anomaly since it is significantly more similar to its eucaryote homolog than

to any other bacterial tRNA  synthases.  Further analysis of the highly conserved glutamate

synthetase (GS) genes, which is an enzyme in ammonia assimilation and glutamine biosynthesis,



suggests that the genes in S. solfataricus, Methanococcus voltae and P. woesei are similar to

bacterial GS.  The euryarchaeotes M.voltae and P. woesei have been placed in the same clade as

gram positive bacteria while the placement of crenarchaeote S. solfataricus depends on the method

of phylogenetic analysis (Brown 1994).

The greater similarity of apparently highly conserved genes between archaean and bacterial

species rather than archaean and eucaryote species is anomalous in that it contradict most data.

However these results can be explained by many mechanisms. Horizontal gene transfer between

species could explain why archaean HSP70 and GS genes appear more closely related to bacterial

rather than eucaryote homologs. Often there are multiple horizontal transfers, as assumed in GS

genes (Brown 1994).  The mechanisms for such exchanges is a matter of speculation. Plasmids or

viruses could serve as vectors for gene transfer, as Bacteria are known to exchange plasmids rather

freely in nature. However, these similarities may be the result of convergent evolution to similar

environmental conditions . There is also the possibility that there has a been a fusion between two

cell types that can result in a chimera that may have certain archaean and certain bacterial features

(Brown 1995). For example the endosymbiotic events that created the eucaryote cell transferred

genes from the mitochondrial to the nuclear genome.  A simpler suggestion is that rate of evolution

in eucaryote genes has been more accelerated than that in Archaea or Bacteria. These genes may

exist in all extant life and be highly conserved, but using them to create a universal phylogenetic

would artifactually group Eucarya with Bacteria.

The similarity in nuclear genome organization and histone proteins, transcriptional subunits

and mechanism, translation factors and tRNA splicing all point to the divergence of Archaea and

Eucarya after their divergence from bacteria. While certain metabolic and cellular proteins such as

AAA proteins, ftsZ protein and ATPase seem to bolster this theory there are examples such as

HSP70 and GS which are contradictory.  These anomalies suggest a common ancestor for the

bacterial and archaean domains but can be explained by reticulate evolution through horizontal gene

transfer.  Attempts to divide Archaea into a paraphyletic group are encumbered as gene similarities

between archaean species are greater than similarities to either Eucarya or Bacteria. The sequencing



of M. jannaschii’s genome has allowed more comparisons of archaean genes with eucaryote

homologs that strengthens the hypothesis of their common phylogeny   The difficulty exists in

ascertaining the mechanism by which the gene transfers occurred.. Through the establishment of a

shared lineage for Archaea and Eucarya,  a clear path has been provided for analyzing gene

evolution in Eucarya.
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