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Abstract

An ancient gene duplication gave rise to the catalytic and non-catalytic subunits of each of the three types of proton
pumping ATPases: vacuolar, archaebacterial and eubacterial. Previously, this gene duplication had been used to root
the universal tree of life. However, recent findings of archaebacterial type ATPases in eubacteria and of eubacterial
type in an archaebacterium suggested that both types of ATPases may have been already present in the last common
ancestor. Here we show that a phylogenetic analysis of these ATPase subunits indicates that this conclusion is prema-
ture. We suggest that horizontal gene transfer can explain the data. In addition, we show that the analysis of glutamate
dehydrogenases data neither affirm nor comradict any particular placement of the last commen ancestor in the univer-
sal tree of life. The prevalence and the mode of horizontal gene transfer is discussed.
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1. Introduction

Schwartz and Dayhoff (1978} proposed to use
ancient gene duplications to root the universal tree
of life by means of an out-group. This concept was
endorsed by many scientists studying the evolution
of life (e.g., Woese, 1987; Space Studies Board,
1990). In 1989 two groups (Gogarten et al., 1989;
Iwabe et al., 1989) independently employed this
idea using either genes encoding ATPase subunits
dehydrogenases, tRNAs, or clongation factors.
Although using different molecular markers and
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algorithms the two studies came to the same con-
clusion: the root of the universal tree of life ap-
peared to be located between the Bacteria on one
side and the Archaea and Eucarya on the other.
The location of this placement of the universal
ancestor within the tree of life has been widely en-
dorsed (e.g., Wheelis et al., 1992; Rivera and Lake,
1992). (This paper uses the terminology of Woese
et al., (1990) for the three domains of life {formerly
Ur-Kingdoms): Archaeca (= Archaebacteria), Bac-
teria {= Eubacteria) and Eucarya (Eukaryota)).
The vacuolar (V-), bacterial (F-), and archaeal
{A-} ATPases exhibit a number of structural and
functional similarities. Ali are large multi-subunit
enzymes composed of a water soluble and a
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proton-conducting membrane spanning complex.
Each hydrophilic sector contains three copies of a
catalytic {#-subunit in F-ATPases, 4-subunit in
A/V-ATPases) and three copies of a non-catalytic
subunit {a-subunit in F-ATPases. B-subunit in
A/V-ATPases). The catalytic subunits bind and
hydrolyze ATP. The non-catalytic or regulatory
subunits also bind ATP; however, they do not
hydrolyze it. V-ATPases normally are found in
eukaryotic endomembranes. A very similar
enzyme is present in the Archaea. The archaeal
ATPase had also been classified as a V-ATPase;
however, because of structural and functional dif-
ferences, the term A-ATPase for the archaeal
enzyme seems appropriate (Gogarten et al., 1992;
Ihara and Mukohata, 1992; Schifer and
Meyering-Vos, 1992). The A-, V-, and F-ATPases
are homologous enzymes, i.e. they evolved from
the same ancestral enzyme (Zimniak et al., 1988,
Gogarten et al., 1989). In addition, the cataiytic
and the non-catalytic subunits were also shown to
have evolved from the same ancestral gene after an
ancient gene duplication {Gogarten et al., 1989).
For recent reviews on the structure and function of
V-, F-, and A-ATPases see Harvey and Nelson
(1992).

Based on rRNAs and other biochemical char-
acters (cell wall, lipids, antibiotic resistance) the
genus Thermus is classified as a Bacterium, with
closest similarities to the genus Deinococcus
(Hensel et al., 1986; Woese, 1987). However, Ther-
mus thermophilus (= T. aguaticus HB8) does not
have an F-ATPase like other Bacteria, but an A/V-
ATPase (Yokoyama et al., 1990; Tsutsumi et al.,
1991). Both major subunits of the Thermus
ATPase are clearly archaeal in character
(Gogarten et al., 1992). Furthermore, a sodium
pumping ATPase f{rom another Bacierium,
Enterococcus hirae was delermined to be an A/V
ATPase (Kakinuma et al., 1991), and a partial
DNA sequence encoding an F-ATPase catalytic
subunit was obtained from the Archaeum
Methanoesarcina barkeri (Sumi et al., 1992). These
findings were considered as evidence that both
types of ATPases {A/V- and F-ATPases) were al-
ready present in the last common ancestor (Tsul-
sumi et al., 1991: Forterre et al., 1993}, Thus, the
phylogenetic relations between F- and A/V-
ATPases would not reflect the relations between
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the three domains. Rather, the separation of the F-
from the A/V-ATPases would reflect another an-
cient gene duplication event. The proposed
rooting of the universal tree of life was also ques-
twoned because the analyses of other ancient gene
duplications came to different results. In the case
of glutamine synthase (Kumada et al., 1993),
homologues of the heat shock protein family
(Gupta and Singh, 1992) and glutamate synthase
{(Benachenhou-Lafha et al., 1993) at least some of
the archaeal sequences group with the bacterial
domain. :

This paper shows that the assumption of both
A/V- and F-1ype ATPases being present in the last
commeon ancestor leads o untenable conclusions.
Our analysis of the evolution of ATPase subunits
suggests horizontal gene transfer as a more likely
explanation.

2. Material and methods

The sequence encoding the Thermotoga
maritima $-subunit was kindly provided by Dr W.
Ludwig, University of Munich. All other se-
quences used were retrieved from GenBank. The
sequence alignment used for the maximum
likelihood analysis was calculated using Jotun
Hein's progressive alignment program (Hein,
1990). Twenty-five different ATPase subunit
amino acid sequences (catalytic and non-catalytic),
and the ATPase-like peptide encoded on the
flagellar operon (Galizzi et al., 1991; Vogler et al.,
1991) were aligned. The non-conserved amino and
carboxy terminal regions, the non-homologous
region in the 4-subunits of the V- and A- ATPases
(Zimniak et al., 1988), and the ‘protein intron’ in
the yeast sequence (Kane et al., 1990) were deleted
by hand afler an initial alignment. The resuliant
sequences were aligned using a gap penalty of
16 + 3k, where k denotes the size of the gap. Dif-
ferent gap penalties (between 4 + 3k and 40 + 34)
only slightly affected the alignment, and did not
change the topology of the calculated tree. All
positions that corresponded to a gap in the refined
alignment were deleted, resulting in 396 aligned
positions per sequence. Alignments of the partial
ATPase subunit sequences used for protein par-
simony and distance analyses were performed by
hand using Eric Cabot’s Eye Ball Sequence Editor
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{Department of Biological Sciences, Simon Fraser
University, Burnaby, B.C., V5A 186, Canada).
Only those regions homologous to the fragments
of the Enterococcus hirae Na* pumping ATPase
(Kakinuma et al., 1991) (Figs. 2 and 3, 349 amino
acid positions including gaps) or the Methanosar-
cina barkeri 8-subunit (Sumi et al., 1992) (Figs. 4
and 5, 125 amino acid positions) were used. All
three alignments are available from the authors
upon request. For protein parsimony and protein
distance matrix analyses gaps were encoded as
missing values. .

The topology and branch lengths of the
reported maximum likelihood tree were calculated
with the protein maximum likelihood method as
implemented by Adachi and Hasegawa (1992)
using the star decomposition, the semi-automatic
mode and various user-defined trees. Protein par-
simony, protein distance matrix analysis. and the
generation of bootstrapped samples were perform-
ed using the algorithms as implemented by
Felsenstein (1993). Protein parsimony was used
with the global rearrangement option and with dif-
ferent random input orders. Protein distance
matrices were calculated using Dayhoff's PAM

Halobacterium

Animalia
Plantac

Saccharomyces

Neurospora

Methanosarcina
Thermus
Sulfolobus

P}

matrix (1979). The least squares error trees were
determined using the method of Fitch and
Margoliash (1967) as implemented by Felsenstein
(1993). The identity of the tree with the least
squares error was verified using different input
orders and tree topologies calculated using the
neighbour joining procedure (Saitou and Nei,
1987). The branch lengths are scaled with respect
to expected amino acid substitution events per site.
For a comparative discussion of the different aigo-
rithms see Felsenstein (1988) and references
therein.

For each bootstrap analysis 100 bootstrapped
samples were generated. Numbers give the percen-
tage of parsimony analyses of those samples that
contained the indicated groups (non-integer
numbers are due to samples that gave multiple
equally parsimonious trees),

3. Results and discussion

3.1. The A/V-type ATPase from Thermus thermo-
philus

When the Thermus ATPase subunits {Tsutsumi
et al,, 991) are included in a phylogenetic analy-

Escherichia
Rhodopscudomonas

PS3

Vibrio

Qutgroup

Fig. | Maximum likelihood phylogenetic tree depicting the evolution of V-, F-. and A-ATPuses. A total of 72 positions from both
the catalytic and the non-catalytic subunit were used for each terminal taxon. For Plantae the A subunit from citrcot { Dancus caroteat
and the B-subunit from Arabidepsis, and lor Animaliz the bovine A {M$31 30} and the human B subunit {M23818) were used. For
Sulfolobus acidocalduarius, Newrospora crossa, Methanosarcina barkeri, Hulobaeterivm salinarium, Thermus thermaphifus A= Therptin
aquaticus HBAY, Vibrio alginolyticus, Rhodopseudomonus blastica, Exchericling coli and the thermophilic Bactenium PS3. both the cati-
Iytic {4 respective 8} and the noa-catalytic subunits (B respective o) were used. The outgroup coasisted. of the aligned posilions trom
the ather subunit type of {[[Plantae Bi4, Halvhacterium BiAL, Sulfolobus BIA). [Vibrio ar. Rhodopsewidomonas o 3]): [] indicate the
branching order that was determined among the cuigroup taxa. The same location for the outgroup was found using cither catalytic
or non-catalytic subunits separately. or by including the flagellar ATPase-like peptides in the ontgroup. or by protein parsimony or
protein distance matrix analyses. The length of each depicied branch was at least 3 times larger than the standard error calculated
for thar branch,
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sis, they group within the archaeal domain
together with the A-ATPases from Halobacterium
and Methanosarcina (Fig. 1). How could Thermus
end up with an archaeal type ATPase? Tsutsumi et
al. (1991) and later Forterre et al. {1993) concluded
that the presence of an A/V-ATPase in a Bac-
terium would show that the last common ancestor
of Bacteria and Archaea would have already
possessed both, an F-ATPase and an A/V-
ATPase. Two sets of gene duplications would al-
ready have taken place in the universal ancestor. A
first gene duplication gave rise to the catalytic and
non-catalytic ATPase subunits. A second series of
gene duplications would have led to the A/V- and
to the F-ATPases {compare Fig. 4 in Forterre et
al., 1993). However, this interpretation does not
hold up to a closer examination. If this hypothesis
would be correct, the A/V-ATPases alone could be
used to trace the organismal evolution: i.e., the
placement of the Thermus A/V-ATPase subunits
relative to the archaeal and eucaryal A/V-ATPases
should reflect the relations among the three do-
mains, Bacteria, Archaea, and Eucarya. The root
could be either represented by the non-catalytic
subunits or by the F-ATPases. According to the
current views on bacterial systematics (e.g.,
Woese, 1987), one should expect the bacterial A/V-
ATPases to constitute a deep branch with respect
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to the other A/V-ATPases. However, as shown in
Fig. 1, this is not the case for the Thermus ATPase.
When the data set used for Fig. 1 was bootstrap-
ped and the resulting 100 samples analysed by pro-
tein parsimony, in none of the most parsimonious
trees did the Thermus sequences branch off closer
to the outgroup than the Sulfolobus sequences.

3.2. The Na* pumping ATPase from Enterococcus
hirae

The same result is obtained with the partial
sequence from the sodium pumping A/V-type
ATPase from Enterococcus hirae (Fig. 2). The two
bacterial sequences group together with the
mesophilic Archaea. The consensus tree of a
bootstrap analysis of the data set is given in Fig.
3. Because only positions corresponding to the
1000-bp fragment encoding the Enterococcus hirue
A/V-type ATPase catalytic subunit (Kakinuma et
al., 1991) were used. the analysis of this data set
{Figs. 2 and 3) is less reliable than the one depicted
in Fig. 1. The single most parsimonious tree differs
from the distance matrix tree depicted in Fig. 2 in
that Sulfolobus branches off closer to the outgroup
{Escherichia « and Salmonella f1) and separate
from the other archaeal, eucaryal and the bacterial
A/V-ATPases. Based on the bootstrap analysis,
the possibility that the A/V-ATPases from Ther-

Methanosarcina A

Halobacterium A
Enterococcus A

Thermus A
Sulfolobus A

Escherichiaa —/
Salmonella fl —{

Daucus A
Bos A
Neurospora crassa A

— Thermotoga B

Escherichia

[—
o1

Fig. 2. Tree calculated by distance matrix analysis depicting the phylogenetic positions of bacterial A-ATPase subunits, "1 denotes

the ATPase-like peptide that is encoded in the flageltar operon ¢Vogler et al., 1991): 8 and « denote the catalylic and non-catalytic

F-ATPase subunits, respectively: 4 denotes the catalytic A/V-ATPase subunits. Bos and Duucus denotes the bovine and carrot V-

ATPase A-subunits, respectively, Sequence fragments from Enterococcus hirae and Safmonetla typhimurium were used in addition to
the species listed in the legend to Fig. 1.
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Halobacterium A

Thermotoga 3

Methanosarcina A
Daucus A

Escherichia cofi
Salmonelffa i
Fscherichia i
Sulfolobus A
Thermus A
Enterococcus A
Neurospora A

Fig. 3. Consensus tree from protein parsimony analyses
of bootstrapped samples using the same sequence data as in
Fig. 2.

mus and Enterococcus group together appears
unlikely (found in 6.8% of the bootstrapped sam-
ples) but cannot be excluded. Nonetheless, there is
no support for the hypothesis that the two bacter-
ial A/V-ATPases form the deepest branch within
the archaeal domain (found in none of the
bootstrapped samples).

If the bacterial A/V-type ATPases are remnants

(]

of an A/V-ATPase already present in the last com-
mon ancestor, and if the A/V-ATPases catalytic
subunits are considered as markers for the
organismal evolution, then the root would be
given by the non-catalytic subunits and by the
catalytic F-ATPase. Therefore, Fig. 2 would lead
one to conclude that Bacteria evolved from a
mesophilic Archaeum. Clearly, this conclusion

-runs counter to traditional bacterial systematics

(e.g., Woese, 1987; Woese et al.,, 1990), and, as
discussed below, is also at odds with the conclu-
sions obtained from the analysis of the archaeal F-
ATPase,

3.3, An archaeal F-ATPase

The same argument given above for the bacter-
ial A/V-ATPases can also be applied to the
archaeal F-type ATPase. The partial sequence of
an F-ATPase 8 subunit was obtained from
Methanosarcing barkeri genomic DNA (Sumi et
al., 1992). If this archaeal F-ATPase would have
evolved from an ancestral F-ATPase already
present in the last common ancestor, then the
archaeal F-ATPase should represent the deepest
branch in an F-ATPase phylogeny. However, the
Methanosarcina barkeri § subunit groups together
with Anabaena and branches off after the §-
subunits from Thermotoga maritima and P83 (a

Rhodoblastula B
Rhodospirillum p

Ansbaensi@ P

Methanosarcina

Escherichia o — f—

105

P53
\—— Thermotoga p

Daucus A

Methanosarcina A

—
ar

Fig. 4. Tree calculated by distance matrix analysis.depicting the phylogenetic positions of the putative archaeal F-ATPase. Only those

positions. which correspond io the published sequence of the 3 subunit of the F-ATPuase lrorm Methanosarcing burkeri {Sumi et al..

1992) were used. Except for Rhodospiritlum rubrum and Anabaena sp. the species and abbreviztions are the same as in Figs. 1 and

2. Note that in the single-most parsimonious tree calculated from the same data set the sequence from PS3 branches off together with
Anabarna and Methanosarcing (compare Fig. 5).
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Methanosarcina 3
Anabaena 3
Rhodoblastula
Rhadospirittum |3
Escherichia
Thermolaga 3
Daucus A
Methanosarcina A
Escherichia col «

P33 3

Fig. 5. Consensus tree from protein parsimony analyses of

bootstrapped samples using the same sequence data as in Fig.

4. In none of the bootstrapped samples was the 8 subunit from

Methanosarcina determined to form the deepest branch among
the A-subunits.

thermophilic Bacterium) (Fig. 4). The bootstrap
probabilities for the groupings within the bacterial
domain are quite low (only 125 positions, in-
cluding gaps in some of the sequences were used)
(Fig. 5); however, in none of the bootstrapped
samples did the Methanosarcina sequence form the
deepest branch within the F-ATPase S-subunits.

3.4. A case of horizontal gene transfer?

The A/V-ATPase phylogeny (Figs. 1 and 2) sug-
gests that Bacteria have evolved from Archaea.
The F-ATPase phylogeny (Fig. 4) would suggest

that the Archaea have evolved from a bacterial

ancestor. Furthermore, both phylogenies are at
odds with many other characters (for a listing of
several discrete characters see Zillig et al., 1992)
which, taken together, argue convincingly that Ar-
chaea and Bacteria constitute two separate do-
mains. These contradictions compel us to
reconsider the step from gene trees to species trees.
As the assumption of both A/V- and F-ATPases
being present in the last common ancestor leads to
untenable conclustons, the possibility of horizon-
tal gene transfers across domain boundaries re-
mains the most likely alternative.

The assumption of horizontal gene transfer be-
tween species and even the merger between species
to form new organisms is not without precedent.
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Well-studied examples are; resistance genes in Bac-
teria (e.g., Kaur and Rosen, 1992), transposable
elements (Daniels et al.,, 1990), and between the
nucleus and eukaryotic cell organelles (Margulis,
1981). In addition, horizontal gene transfer has
been considered as an explanation for discrepan-
cies between gene and species trees in the following
cases: 16S rRNA of plant mitochondria (Gray et
al., 1989), glyceraldehyde phosphate dehydro-
genase from Escherichia coli (Doolittle et al.,
1990), glucose-6-phosphate isomerase (Smith and
Doolittle, 1992) and glutamine synthases (Smith et
al., 1992; Tiboni et al.. 1993). It appears that hori-
zontal transfer of genes between species is not
restricted to modern-day bacteria, but occurred
throughout evolution.

3.5. Other ancient duplicated genes

The placement of the root in the universal tree
of life is the same for a variety of different markers
(Gogarten et al., 1989 Iwabe et al., 1989; Cam-
marano et al., 1992). Forterre et al. (1993) cited the
study of glutamate dehydrogenases (GDH)
{Benachenhou-Lafha et al., 1993) to arrive at a dif-
ferent conclusion. To assess the reliability of the
interior branches in the GDH-phylogeny (i.e., the
reliability with which the location of the last com-
mon ancestor can be inferred), we performed a
bootstrap analysis on the aligned GDH data set
that was kindly provided by B. Labedan (Fig. 6).
The separation of the GDHs into two families, and
the group comprising the eucaryal GDH family 11
are highly supported. In contrast, the grouping of
the archaeal GDHs together with their bacterial
counterparts was found only in 48.5% of the boot-
strapped samples (Fig. 6). In 39% of the bootstrap-
ped samples the GDH from Halobacterium
grouped with its eucarval counterparts, and in 10%
both archaeal species grouped with the Eucarya. A
similar result was oblained when only the most
conserved portion of the GDHs (position
1i1-214) is used for analysis {data not shown).
The GDH data set does not allow for a reliable
placement of the root in the universal tree of life.
In contrast to this, the grouping of the archaeal A-
ATPase subunits together with the eucaryal V-
ATPases (separate from the bacterial F-ATPases
and the outgroup) is found in 100% of the
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GOH Family (|

Chicken e

Sulfolobus a
Peptostreptococcus b
C!. difficile b

C. melansecola b

Bovine e
Halobacteritn a

Mouse e

Q
5 o
E o
5%
I

C. gltitamicum b
Escherichia

17

GDH Family |

Saccharomyces e

Schwaniomyces e
Aspergillus e
Neurospora e

Cl. symbiosum p

Salmonella o
Chiorella e
Giardia e

XX b

Fig. 6. Consensus tree of protein parsimony analyses af samples bootsirapped from the glutanune dehydrogenase (GDH) data sot

{Benachenhou-Lafha et al., 1993). The aligned sequences were kindly provided by B. Labedan. Only the conserved central region

(position 1§1-494) was utilized. Note that the group in Family 11 that comprises the archaeal and bacterial GDHs has low bootstrup

values. Abbreviations: C, Corynchacteriuny, Cl, Clostridiun, XX, unidensificd Bacterium contaminaling Chlorefle cultures; ¢ b and
a denote the classification of the species as eucaryal, bucleriat, and archueal. respectively,

*

bootstrapped samples (Fig. 3). It seems that in the
case of the GDHs, not enough information surviv-
ed from the early evolutionary stage. We conclude
that the analysis of the GDH sequences neither
confirms nor contradicts the placement of the root
that has been derived from other ancient
duplicated genes.

The phylogeny of the pglutamine synthases
(Smith et al., 1992; Kumada et al., 1993; Tiboni et
al., 1993) is similar to the phylogeny of the F-
ATPases presented here. The glutamine synthase [
from Methanococcus voltae groups with Gram-
positive bacteria; furthermore, not only Archaea,
but also Bacteria appear as polyphyletic. Tiboni et
al. (1993) concluded that the glutamine synthase I
data indicate at least one case of horizontal gene
transfer across domain boundaries.

3.6. How many genes were transferred”
Additional molecular phylogenies might yield

information whether horizontal gene transfers
have occusred infrequently involving several func-
tionally unrelated genes, or whether the transfer of
single genes occurred more often. The latter
scenario resembles the transfer of resistance genes
in modern Bacteria, some of which {e.g., the resis-
tance towards antimony and arsenic) are plasmid
encoded multisubunit transport ATPases (Kaur
and Rosen, 1992). This mode of horizontal gene
transfer might have led to the Na* pumping A/V-
type ATPase in Enterococcus hirae. The former
case — 1.e., the horizonta transfer of & larger por-
tion of the genome ~— might have resulted from an
endosymbiosis-like association of the involved
organisms. This scenario applied 1o an ancestor of
the genus Thermus (as recipient) and a mesophilic
Archaeum (as donor) could explain why the coupl-
ing factor ATPase in the Bacterium 7. thermophi-
lus and the malate dehydrogenase in T. fluvus
(Iwabe et al., 1989) are both of the archaeal/
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cucaryal type, whereas other characters clearly
denote the genus Thermus as bacterial (Woese,
1987).

3.7. The origins of the eukaryotic cell

The finding that genes were exchanged between
distantly related species implies that a single gene
phylogeny can no longer be readily interpreted as
a species tree. To determine the evolution of
species more than one gene tree should be con-
sidered. The congruence of several marker
molecules (Gogarten et al., 1989; Iwabe et al.,
1989; Cammarano et al., 1992) suggests that the
presence of archaeal type macromolecules in
Eucarya is not due to a horizontal transfer. The
different molecular phylogenies taken together in-
dicate that an organism that branches close to the
base of the archaeal domain gave rise to most of
the eucaryal nucleocytoplasm.

Clearly, these findings do not exclude the
possibility that other organisms made contribu-
tions to the eukaryotic cell, e.g. other Bacteria
besides the mitochondria and plastids (Margulis,
1981, Zillig et al., 1992). Possibly an even more
ancient independent lineage aiso could have been
involved in the genesis of the eukaryotic cell
(Sogin, 1992; Hartman, 1984). However, more
data are needed if we want to trace the origins of
the eukaryotic cell in more detail.
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