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Signature sequences in diverse
proteins provide evidence
for the late divergence of
the Order Aquificales

Summary. The Aquificales species are presently believed to be the earliest branch-
ing lineage within Bacteria. However, the branching order of this group in different
phylogenetic trees is highly variable and not resolved. In the present work, the phylo-
genetic placement of Aquificales was examined by means of a cladistic approach
based on the shared presence or absence of definite signature sequences (consisting of
conserved inserts or deletions) in many highly conserved and important proteins, e.g.
RNA polymerase B (RpoB), RNA polymerase B” (RpoC), alanyl-tRNA synthetase
(AlaRS), CTP synthase, inorganic pyrophosphatase (PPase), Hsp70 and Hsp60. For
this purpose, fragments of the above genes that contained the signature regions were
cloned from different Aquificales species (Calderobacterium hydrogenophilum,
Hydrogenobacter marinus, and Thermocrinis ruber) and the sequence data were com-
pared with those available from all other species. The presence in Aquificales species
of distinctive inserts in Hsp70 and Hsp60 that are not found in any Firmicutes, Actino-
bacteria, or Thermotoga-Clostridium species excluded them from these groups of
Bacteria. The shared presence of prominent indels in the RpoB (>100 amino acids),
RpoC (>100 amino acids) and AlaRS (4 amino acids) proteins, which are only found
in the various Aquificales species, the Chlamydiae, the CFBG (Cytophaga-
Flavobacteria-Bacteroides-green sulfur bacteria) group, and Proteobacteria, strongly
suggests their placement within these groups of Bacteria. A specific relationship
between Proteobacteria and Aquificales is suggested by the presence in inorganic
pyrophosphatase of a 2-amino-acid insert that is uniquely found in these phyla.
However, the Aquificales species lacked a number of other protein signatures (e.g.
indels in CTP synthase and Hsp70) that are characteristic of Proteobacteria, indicating
that they constitute a distinct phylum related to Proteobacteria. These results provide
strong and consistent evidence that the Aquificales diverged after the branching of
Firmicutes, Actinobacteria, Thermotoga, Deinococcus-Thermus, green nonsulfur bac-
teria, Cyanobacteria, Spirochetes, Chlamydiae, and CFBG group, but before the emer-
gence of the Proteobacteria. [Int Microbiol 2004; 7(1):41-52]
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Introduction

trees, a number of main groups or phyla within the Bacteria
have been recognized. These include Thermotoga, green non-
sulfur bacteria (GNS), Deinococcus-Thermus, Cyanobacteria,

The phylogenetic trees based on 16S rRNA provide the low G + C gram-positive (Firmicutes), high G + C gram-pos-
presently accepted framework for understanding the evolu- itive (Actinobacteria), Chlamydiae, CFBG (Cytophaga-
tionary relationships among Bacteria [29,33]. Based on these  Flavobacteria-Bacteroides-Green sulfur bacteria), Planctomy-
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ces, and relatives, and the Proteobacteria [29,41]. In addition,
a number of other phyla consisting of only a limited number
of species are also recognized [29]. Although the branching
orders of different phyla in rRNA or other phylogenetic trees
have not been resolved, the Aquificales species (represented
by the genus Aquifex) are thought to be the earliest branching
lineage within Bacteria [1,4,6,8,14,29,30,33,35,36,40].
However, the deep branching of Aquifex is not supported by
many protein phylogenies, in which it exhibits a closer rela-
tionship to the 8,e-Proteobacteria and the Chlamydiae groups
[5,7,10,18-20,27,31,36,39].

Despite the lack of a consistent picture concerning its
phylogenetic placement, the deep branching of Aquifex has
become a central aspect of the current view of bacterial phy-
logeny [8,11,29,33,36]. In this context, it is important to fur-
ther investigate the branching position of this phylum relative
to other groups of Bacteria using different approaches. In the
present work, we used a cladistic approach based on shared
conserved indels or signature sequences in various proteins
to deduce the branching order of bacterial groups [19,23].
This approach has provided evidence that the major groups
within Bacteria have branched off in the following order:
low G + C gram-positives—high G + C gram-positives—
Deinococcus/Thermus—GNS—Cyanobacteria—Spirochetes
—Chlamydiae, CFBG, Aquifex—d,e-Proteobacteria—oi-
Proteobacteria—B-Proteobacteria—7y-Proteobacteria
[20,21,23]. By means of this approach, the genus Aquifex
was found to branch at a position similar to that of the
Chlamydiae and CFBG groups [20,21].

The present report describes work on a number of new as
well as previously described protein signatures (i.e. Hsp70,
Hsp60, CTP synthase, PPase, AlaRS, RpoB, and RpoC) that
are helpful in understanding the phylogenetic placement of
Agquificales. The Order Aquificales comprises four genera:
Agquifex, Calderobacterium, Hydrogenobacter and Thermo-
crinis [36]. Of these, sequence information is mainly avail-
able for Aquifex species. We have cloned and sequenced gene
fragments of the above-mentioned proteins, containing the
signature regions from species belonging to various
Agquificales genera. Results of these studies provide consis-
tent evidence that this group should be placed between the
d,e-Proteobacteria and the Chlamydiae and CFBG groups
and it constitutes a late-branching phylum within Bacteria.

Materials and methods

DNA. Purified C. hydrogenophilum (type strain; Z-829) DNA was gener-
ously provided by Dr. Karel Mikulik (Academy of Sciences, Czech
Republic) [32]. The DNA for H. marinus (DSM 12046T) was kindly provid-
ed by Dr. Micheal Thomm (Institut fiir Allgemeine Mikrobiologie, Kiel,

Germany) [38], and the DNA from 7. ruber (DSM 12173) was a generous
gift of Dr. K.O. Stetter (University of Regensburg, Berlin, Germany) [24].
The complete genome of Aquifex aeolicus have been sequenced [11] and
sequence information for several Aquifex pyrophilus genes is available in the
NCBI database.

PCR amplification and sequencing. Degenerate oligonucleotide
primers, in opposite orientations, were designed for highly conserved
regions that flanked the identified signatures in sequence alignments. The
sequences of various PCR primers used in these studies are detailed in Table
1. Because these primers are based on highly conserved regions, they may
also prove effective in amplifying these genes from other species. Ten-ul
PCR reactions (approximately 0.2 mg DNA per reaction) were optimized for
Mg?" concentration (1.5-4 mM) for each set of primers. PCR was carried out
using a Techne Progene thermocycler, over 30 cycles (15 s at 94°C, 15 s at
55°C, 1 min at 72°C) with an initial 1-min hot start at 94°C, and a final
extension step (15 s at 94°C, 15 s at 55°C, 7 min at 72°C). The DNA frag-
ments of the expected size were purified from 0.8 % (w/v) agarose gels and
subcloned into the plasmid pDRIVE using a UA cloning kit (Qiagen). Due
to DNA limitation, some gene fragments from 7. ruber were not amplified.
After transforming E. coli JM109 cells with the plasmids, inserts from a
number of positive clones were sequenced. The sequence data for various
Aquificales species have been deposited in the GenBank and the accession
numbers for these sequences are included in the alignment figures.

Results

Determining the branching Order of Aquifi-
cales based on signatures sequences. Signature
sequences provide a powerful means to deduce the relative
branching order and interrelationships among different
groups. By making use of conserved and defined indels that
are commonly shared by different species, it is possible to
group different species or taxa into distinct clades, which
show specific relationships to each other [3,19,21,26,37].
The application of this approach for determining the phylo-
genetic placement of Aquificales is described below.

The Hsp70 (DnaK) family of proteins contain a 21-23-
amino-acid (aa) insert in the N-terminal quadrant that distin-
guishes various gram-negative (or diderm) bacteria from
gram-positive (or monoderm) bacteria (Fig. 1) [19]. The
Hsp70 homologs are found in all Bacteria and the identified
insert is present in all diderm (i.e., primarily gram-negative)
bacteria, but not in Thermotoga or any Firmicutes and
Actinobacteria. The insert in Hsp70 is not found in any
archaeal homolog where this protein is found, which sug-
gests that this indel constitutes an insert, and that the species
lacking it are ancestral (Fig. 1) [19]. Both Aquifex aeolicus
and Aquifex pyrophilus, whose sequences are available
[11,17], contained this insert. The presence of this insert in C.
hydrogenophilum, H. marinus, and T. ruber was examined by
PCR amplifying the dnaK gene fragments covering the indel
region. Sequences of the resulting fragments showed that
this insert is present in all of these species (Fig. 1), indicat-
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Table 1. PCR primers for amplifying different gene sequences

Gene Primer Primer sequence* Fragment size
Hsp70 Forward 5'-GGNATHGAYYTNGGNACNAC-3' 1.1 kb
Reverse 5'- GCNACNGCYTCRTCNGGRTT- 3'
Hsp60 Forward 5'-AAGCTTTCNCCRAANCCNGGNGCY TTNACNGC-3' 0.5 kb
Reverse 5'-GGYGAYGGYACYACHACWGC-3'
Alanine tRNA synthetase Forward 5-TTYACNAAYGCNGGNATG-3' 170 bp
Reverse 5'-CATYTCRAARAANGTRTG-3'
CTP synthase (Proteobacterial insert)  Forward 5'-GGNATTHTGYYTNGGNATGCA-3' 420 bp
Reverse 5'-AAYTCNGGRTGRAAYTG-3'
Inorganic pyrophosphatase Forward 5'-AARTAYGARMTIGAYAARGA-3' 333 bp
Reverse 5-TYYTTRTAIKKYTCRAARAA-3'
RNA polymerase subunit Forward
Calderobacterium  5-TTYYTWGAGCACRAYGAYGCDAA YMGNGCNYTNATGGG-3' 830 bp
Hydrogenothermus 5'-GGNTAYAAYTWYGARGAYGC-3' 1.2 kb
Reverse 5'-ACCYTTRTTWCCRTGHCKTCCHGC CATYTTRTCDCC- 3'
RNA polymerase 3 subunit Forward 5'-ATHGGNGARCCNGGNACNCA-3' 642 bp
Reverse 5'-GGNARNCCNCCNGTDATRTC-3'
CTP synthase (Aquifex-Proteob. insert) Forward 5'-GGNCAYTAYGARMGNTT-3' 357 bp
Reverse 5-TGYTGNGTNGGYTTNGTYTT-3'

* Where N=A,T,C or G; H=A,C or T; Y=C or T; R=A or G; W=A or T; M=A or C; K=G or T; D=G,A or T, I=inositol.

ing that this group diverged after the branching of gram-pos-
itive bacteria (Actinobacteria and Firmicutes) and Thermo-
toga (Fig. 1).

Hsp60, which is present in all bacteria except a few
mycoplasmas, contains a conserved 1-aa insert that is com-
mon to various Proteobacteria, Chlamydiae, CFBG group,
Spirochetes, and Cyanobacteria, but absent from various
Firmicutes, Actinobacteria, Thermotoga, Deinococcus /Ther-
mus group, and GNS bacteria (Fig. 2) [19,20]. The sequence
information for Hsp60 is available from >400 species and no
exception to this pattern has been observed. A 0.5-kb frag-
ment of groEL covering this region was amplified from the
three Aquificales species, and all of them were found to con-
tain this insert in the appropriate position (Fig. 2). This insert
is also present in the published sequence of 4. aeolicus [11].
The shared presence of this insert in different Aquificales as
well as various Cyanobacteria, Spirochetes, Chlamydiae,
CFBG and Proteobacteria provides evidence that it should be
placed within these groups. The bacterial groups lacking this
indel (Firmicutes, Actinobacteria, Thermotoga, Deinococcus/
Thermus, and GNS bacteria) are indicated to have branched
off prior to the insertion of this indel.

A prominent signature was identified in the B'-subunit of
RNA polymerase (RpoC) that consists of a large insert of ca.
200 aa in various Proteobacteria, Chlamydiae, CFBG group,
and Spirochetes. In this position, the cyanobacteria contain a
much larger insert (~600 aa), which could be of independent
origin or may have changed subsequently. However, no insert

is present in this position in various Archaea, Firmicutes,
Actinobacteria, Thermotoga, Deinococcus/Thermus group,
and GNS bacteria, indicating that these groups diverged prior
to the introduction of this indel (Fig. 3). A 642-bp fragment
of rpoC covering this region was amplified from H. marinus
and C. hydrogenophilum, and both these species contained a
188-aa insert in this region. Similar inserts of 188 aa are also
present in the published sequences of 4. aeolicus and A.
pyrophilus (Fig. 3) [11,27]. The shared presence of this large
(~200 aa) insert in the Spirochetes, Chlamydiae, CFBG
group, and Proteobacteria again suggests that Aquificales
should be placed within these groups of Bacteria.

Alanyl-tRNA synthetase contains a highly conserved 4-aa
insert that is common to various Proteobacteria, Chlamydiae,
CFBG groups, and 4. aeolicus and A. pyrophilus, but it is not
found in any other group of prokaryotes, including Archaea
(Fig. 4). A 170-bp fragment of AlaRS covering this region
was amplified and sequenced from C. hydrogenophilum, H.
marinus, and T. ruber. The results of these studies (Fig. 4)
show that this insert is a common characteristic of all Aqui-
ficales species, thereby strongly supporting their placement
within the Proteobacteria, Chlamydiae, and CFBG group and
indicating that these phyla diverged after branching of groups
lacking this indel (Fig. 4).

Another prominent signature showing a relationship sim-
ilar to that of AlaRS was identified in the B-subunit of RNA
polymerase (RpoB). This protein contains a large insert of
~120 aa that is present in Chlamydiae, the CFBG group,
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Fig. 1. Partial alignment of Hsp70 sequences showing a signature sequence consisting of an insert of 21-23-amino-acid (aa) (outer box), which is specific

for diderm (characterized by the presence of an outer membrane) bacteria whic

h comprise mainly gram-negative phyla. The smaller 2-aa insert (inner box)

within the large insert is distinctive of the proteobacterial group. Dashes in the alignment indicate sequence identity with the amino acids found in
Escherichia coli sequence shown on the top line. The accession numbers of various sequences are shown in the second column. Only representative

sequences from different Bacteria are shown. The absence of the large insert in

Agquificales species supports their placement within the diderm (gram-nega-

tive) bacteria. Abbreviations of species names are: A., Agrobacterium; Aqu., Aquifex; Bac., Bacillus; Bif., Bifidobacterium; Bor., Borrelia; Bru., Brucella; C.,
Calderobacterium; Ca., Caulobacter; Camp., Campylobacter; Cb., Chlorobium; Chl., Chlamydia; Chlam., Chlamydophila; Cfx., Chloroflexus; Clo.,

Clostridium; Cor., Corynebacterium; Cyt., Cytophaga; D., Deinococcus; Des.,

Desulfovibrio; E., Escherichia; Fib., Fibrobacter; Fl., Flavobacteria; Geo.,

Geobacter; Hel., Helicobacter; Hydro., Hydrogenothermus; L., Lactococcus; Lep., Leptospira; M., Mycoplasma; Myc., Mycobacterium; Myx., Myxococcus;
Nei., Neisseria; Pas., Pasteurella; Por., Porphyromonas; Pse., Pseudomonas; Ral., Ralstonia; Ri., Rickettsia; Rh., Rhodobacter; Sta., Staphylococcus; Str.,
Streptomyces; Strep., Streptococcus; T., Thermotoga; Tc., Thermocrinis; Tre., Treponema; X., Xyllela. GNS in bacterial groups name refers to green nonsul-

fur bacteria (Cfi: aurantiacus).

Proteobacteria, and A. pyrophilus and A. aeolicus, but is
absent from all other Bacteria (Fig. 5). This insert is not
found in the RpoB homologs from Archaea, providing evi-
dence that the bacterial groups lacking this indel are ances-
tral. The shared presence of this insert in Proteobacteria and
A. pyrophilus was first reported by Klenk et al. [27], but due

to limited sequence information, its evolutionary significance
was not clear. We have now amplified a 0.83-kb fragment of
rpoB from C. hydrogenophilum and a 1.2-kb fragment of this
gene from H. marinus containing the signature region.
Sequencing of these fragments revealed that this insert is
present in both species (Fig. 5). The shared presence of this
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. Synecheococcus PCC6301 48022 2 =—===- A=== N-FE--QM--D-===== K====SL-
cyanObaCteﬂa Nostoc punctiforme 17132795 ~  ====- A-—=| G| N-~B~=QM=—Q-—— e SL-
Thermo. elongatus 11131866 —===Pf === N--E--RM--D----

" Cfx. aurantiacus ARD33468 --H-A-N A-SEI-E---=-V-A-=-==D-==---
Deinococcus- Thermus aquaticus P45746 -EE-A----  N-PE---——- D--E------ Yoo
Thennus. GNS D. proteolyticus AF130448 -KK-AG--- N=-PQ==EE==5-=--

D.radiodurans G75499 -KK-AG--- Ne==== QE--5-
T. maritima H72367 -=-H-AR-=-- NSAEI-E-----
ThermOtOQa Myc. leprae P09239 -=-ATAR--- G-QSI-D-=——-
Myc. tuberculosis PO6B0G --ATAR--- G-QSI-D-----
Cor. glutamicum 19553910 --N-A-V-8 R--V--EIV-A--E-===D==V===
Bif. longum 24850323 —=A-RA--== A-PE--EK----L----QD--V---
Str. coelicolor 8248795 --STAS--- A-TQI-E-----
Clo. perfringens P26821 ==R=ARf--- A--KI----- D=-E-==N=-======
Gram-positive L. lactis X71132 ----A-V-5  RS-K--EY-SD--ER--SD----I-
2 Sta. aureus 15927604 —==-- === A--EI-RY-S---E-=-=ND====1-
Bacteria Bac. haleodurans 15613125 ----AR--5 B-DE-—-I-———— ER=-=ND=-===I-
Bac. subtilis 16077670 ——==Af==- A--E--§------ER--ND----I-
Strep. pneumoniae 2545870 ====AAV-5 RS-K--EY-§---E~=-==D====1-
Strep. pyogene 21911301 --=--ARV-S RS-K--EY-S---ER-=-ND====1-
M. genitalium 12045254 -E--AR--S GSKEI--—-— Q=--AL===N----TD
M. pneumoniae P78012 -E--AR--S GSKEI----- Q--AL=-==N=-=-==-TD
Int. Microbiol.

Fig. 2. Excerpts from Hsp60 sequence alignment showing a l-aa insert that is
Cyanobacteria, Chlamydiae, CFBG group and Proteobacteria, but not present in Deinococcus-Thermus, green nonsulfur bac-
teria, Thermotoga, Actinobacteria and Firmicutes. Sequences from only representative species are shown. The presence of this
insert in Aquificales species provides evidence for their placement within the former groups of Bacteria. For abbreviations of
species names, see the legend to Fig. 1. Additional abbreviations: Bact., Bacteroides; Buch., Buchnera; Rhodo.,
Rhodothermus; Thermo., Thermosynechococcus.

commonly shared by Spirochetes,

prominent insert in the Aquificales, Proteobacteria, Chlamy-
diae and CFBG group of species provides evidence that these
groups are related and that they diverged subsequent to other
groups lacking the indel.

Another useful signature providing further clarification of
the relationships among the Proteobacteria, Chlamydiae,
CFBG group and Agquificales has now been identified in the
enzyme inorganic pyrophosphatase (PPase), which catalyzes
the hydrolysis of pyrophosphate. This protein contains a 2-aa

insert in a conserved region that is shared by wvarious
Proteobacteria as well as A. aeolicus, but not present in
Chlamydiae and CFBG group nor in any other Bacteria (Fig.
6). Approximately 300-335 bp fragments of PPase from C.
hydrogenophilum, T. ruber, and H. marinus were PCR ampli-
fied and sequenced. The results (Fig. 6) show that PPases
from Aquificales species contain this insert, which indicates
that it is a common characteristic of the group. The shared
presence of this indel in only the Proteobacteria and
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E. coli 223476 PGTQLTMRTFHIGG |AASR (182aa)QES | GGTKDITGGLPRVA
Pas. multocida 15603601 2  ——-emmmmmmmee- ~==A(1B82aa) === |V=m=——————————
Pse. aeruginosa 15599465 2  ——--—mmmm—mmee ~===(182aa)==T | SK=-R==========
Vibrio cholerae 15640356 2 ————————mmmmeo —=-T 182aa -K- | --N--—-=-————-
X. fastidiosa 15839221  ———mmmmmmmmoe T-LS 182aa --A | SK-R-=======m-
Ral. solanaceum 17547752 2  —-—mmmmmmmmeee ===={183aa)T-- | QK-R~—=—=mmmum
Proteobacteria Nei. meningitidis 15676061 —————mm————-ee ----(184aa) -A- | SK-R-——=——===-
Ri. prowazekii 15604017 —=TK{180aa) K== | TT=====m==mm=n
Ca. crescentus 16124758 T-QV(177a3a) T-G | AK-R-~~~=======
A. tumefaciens 15889249 T-NV{17%aa)L-- | AK-===ceecaaa-
Rho. rubrum 22966128 --0- 180aa R-G
Des. desulfuricans 23483807 T--- 177aa R--
Hel. pylori 15645812 T---(326aa)KAT
Camp. jejuni 15791843 T--T(331laa)KAA
" Agqu. aeolicus 15606950 --TA(184aa)K-T
Aqmﬁca:‘es Aqu. pyrophilus 7531199 --TA(200aa)K-T
Hydro. marinus AY188438 -==={18laa)~--
Z C. hydrogenophilum AY1B88439 -===~{182aa})---
Chlamydlae, Chl. trachomatis 15605035 I-AT (1B4aa)RGA
Chlam. pneumoniae 16752963 I-AT(184aa)RGA
CFBG Group Cyt. hutchinsonii 23137570 T--N(173aa)RSV
Cb. tepidum 21672997 =-=-QG(151laa)NLD
z Lep. interrogans AANS0617 ---A(217aa)TVA
Spirochetes Bor. burgdorferi 15594733 V-QA (186aa) KG-
Tre. pallidum 15639234 T-=-5(186aa)KAI
i Nostoc sp. 7120 BRB77962 VFTG(677aa) F-R | AK-G--1Q----1E
Cvanobacterla Synechocystis 6803 BAR17364 VFTG(62%aa) F-R | AK-G--V(Q----IE
: Thermo. elongatus BACOB191 VFTG 62%9aa F-R | AK-G--1Q----IE
Deinococcus- Cfx. aurantiacus ZP_ 00018295 ASAD-==Q===== Q
Thermus, GNS Thermus aguaticus 20139788 AVGT---Q-—--— I
D. radieodurans AAF10485 A-GG-—--M=-=-=—- 1
Thermotoga T. maritima 15643225 M-AS--VS—TT-~E
Cor. glutamicum BAB97882 VEE———m—————a 0
Myc. leprae 419676 VGE-=====———- Q
Bif. longum ZP_00120580 VRRAS---Q----T
ser Fuso. nucleatum 19705326 VAGV===Q=-====- E
Gram—posnlve Ocean. iheyensis BAC12069 VAGD---Q----10
Bacteria M. pneumoniae 13508254 STENNLAQ-FE-LK
Bac. subtilis 16077176 VAGD---Q----IQ
Lis. innocua 7514789 VAGD---Q----1Q
Clo. perfringens 18311394 VAGA===Q===== E
Sta. aureus 7470964 VAGS---Q----I0Q
Strep. pneumoniae 15903818 ASNT===Q===== 0
L. lactis 15673781 ASSS---Q--—-- 0
Archaea Halo. sp. NCR-1 NP 281211 VAEM-V-Q--—--LI
Meth. barkeri ZP_00075002 VAEINV-L=-=---LI
Sulf. solfataricus ARK40565 ===eM-L-=--FA- IRELNV-L-=---LI
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Fig. 3. The shared presence of a large insert in RNA polymerase B’ in Spirochetes, Chlamydiae, CFBG group, Proteobacteria, and vari-
ous Aquificales species. The cyanobacteria contain a much larger insert (>600 aa) in this position. The observed indel is not present in
Archaea or other bacterial groups. For abbreviations of species names, see previous figure legends. Additional abbreviations: Fuso.,
Fusobacterium; Halo., Halobacterium; Lis., Listeria; Meth., Methanosarcina; Ocean., Oceanobacillus, Rho., Rhodospirillum; Sulf.,
Sulfolobus.

Agquificales species provides evidence that these two groups
are specifically related and that they diverged after branching
of the other groups.

We have previously described many signatures that are
unique to Proteobacteria and which provide clear distinction
among the species belonging to the o, B-, y- and the J,e-sub-
divisions [20,22]. Two of these signatures, one consisting of
a 10-aa insert in CTP synthase (Fig. 7) and the other of a 2-
aa insert in Hsp70 (see Fig. 1), are distinctive of the entire
proteobacterial phylum and are not found in any other
Bacteria. The proteobacterial signature in Hsp70 (2-aa insert)
is present within the large insert in this protein, whose
sequence for various Aquificales species is shown in Fig. 1.

The 2-aa insert common to various Proteobacteria is not
found in any of the Aquificales species, which indicates that
the two are distinct from each other. We cloned and
sequenced a 420-bp fragment of the CTP synthase gene from
C. hydrogenophilum, T. ruber, and H. marinus. The CTP syn-
thase from all these species, as well as from 4. aeolicus, did
not contain the 10-aa insert common to various Proteobac-
teria (Fig. 7). In addition to these signatures, the published
sequences of A. aeolicus do not contain any of the other sig-
natures distinctive of the o, B and y-Proteobacteria [23].
These results provide strong evidence that the Aquificales
phylum is distinct from Proteobacteria and that it branched
off prior to the latter phylum.
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57 93
E. coli 145220 RNYSRATTSQRCVRA| GGKH| NDLENVGY TARHHTFFEM
Pas. multocida AAKO03371 —Pom—re= A—m———— ] e e e e s e
FPse. aeruginosa ARGO4292 e e e e
Vibrio cholerae 2500962 “RB=T-===f=——mme| == ==
X. fastidiosa AAF82937 ~SEV-VADV-C-L==| ====
Ral. solanaceum CAD14499 =P=¥==ASV=r=L==]| ===~
i Nei. meningitidis ARF41948 =Pom=m==f-Kemee] wene
PrOteObacte"a Rheo. rubrum ZP_00013842 -P-H-=====K~===] ===~
Ri. prowazekii CAA15280 ~8=NK-V==~KSL=-~| ===~
Ca. crescentus ARK24500 HP==ASmeK=mwe] ww=
A. tumefaciens ARKB8T7639 ~P-=T-ASA-K-===] ===~
Des. desulfuricans ZP_00131262 . e Lo ol ] e
Hel. pylori 2314404 PSIP--AS--L-M--| - ===
Camp. jejuni CAB75143 P-PP-K-SC-T-1--| —==~
Tc. ruber AY254210 «P=T==VSCK=L=V]| 8=~
Agu. pyrophilus 4587716 -P-K---8C-K-L-V| §---
ifi Agqu. aeolicus 2983727 =P=K-==5C-K-L-V| 5--~
Aqu,f,ca’es Hydro. marinus AY188439 ~P-K--ASC-KVF-V| 5---
C. hydrogencphilum  RY188751 =P=-T--VSC-K-L-V| 5-=-
. Cyt. aguatilis AF130452 PKSP-IADT-K-L-V| S---
Chlamydiae, Fl. ferrugineum AF130451 PASA-VADT-K-L-V| §---
Cb. tepidum RAAMT1414 -E-T--ADT-K-I--| 5---
CFBG group Chl. trachomatis 6758113 T
Chlam. pneumoniae AAD19030 e s K=I==| ===~
Lep. interrogans ARAN50605 -T---5C-K-L-T
s Bor. burgdorferi 2688110 PSGDMLVNV-K-L-T G-IDE-- DLS-L-----
Splroehetes Tre. pallidum AEQ01269 PAGT-LVNA-K-L-T G-IDA--DNS -L--—---
. Nostoc sp. PCC 7120 BAB74117 - -
Cyanobacteria | synechocystis 6803 1653611 -
Thermo. elongatus BACO9655 -
Deinococcus- The. aguaticus 1565288 G-I-=—=R-8~=N-Y~--
The. thermophilus 2500960 G-I=-==-=R-§=-N=Y~~=
Thermus D. radiodurans AAF11848 QPSK-V--A-K---V G-1----R-R--LSL---
Thermotoga T. maritima 4981959 PV-T-VA-C-K-L-T L S L
Cor. glutamicum BAB95025 FENGT--SI-K---T L-I-E--I-T--N---Q-
Myc. leprae 3136021 PP-AT--SI-K-I-T P-IDD==I-T=-=N---Q-
Str. ceolicolor CAB93381 PPFD-~-SV-K-~-T o e e e o B
Bif. longum BAN24695 PPEKR-MASN-K---T L-IDE--K-T--G---Q-
Therm. tengcongensis BRAM24472 TPPS-V--C---I-T P-I-R-=-K-=-==A=-===-=
22 Ocean. iheyensis BAC13965 PDNP-IVNA-KSIRT e -=
Gram-positive | z.c. cuprizis 2635186 PENP-IVNA-KAI-T S i
Bacteria Lis. innocua CAC96770 PDNP-MANA-KSI-T e -
Clo. perfringens BABB1486 PPKR-1--C-K-I-T G-I-===K-§--G-====
Sta. aureus BAB95433 PKKP-IVN--KAI-T e e
M. genitalium 1351145 PPSK-LVNA-I-L-V —=I-===F=§-=Q-L---
Strep. pneumcniae AALOOO44 PENP-I-NA-KAI-T e B M---
L. lactis ARKOS5R22 PENP=L=-NA-KAI-T e e
Archaea Halo. sp. NCR-1 ARG20397 PPANPLVV--P-I-M Q-1D---K-G--TMA---
Meth. barkeri 2P_00077929  PPANPL-I--P-I-L ---DS§--RSG--L-T---
Pyr. aerophilum ARLE5007 PPANPLVI--PSI-L T-VDK--RSG--L-G--~-

Int. Microbiol.

Fig. 4. A 4-aa insert in alanyl-tRNA synthetase that is a unique characteristic of Proteobacteria, Chlamydiae, CFBG group,
and Aquificales homologs. This insert is not found in other groups of Bacteria or Archaea, indicating a specific relationship
of Aquificales to the Proteobacteria, Chlamydiae and the CFBG group. For abbreviations of species names, see previous fig-
ure legends. Additional abbreviations: Pyr., Pyrobaculum; The., Thermus; Therm., Thermoanaerobacter.

Discussion

In this work, we have used a cladistic approach involving the
shared presence of conserved indels in widely distributed
proteins to clarify the phylogenetic placement of Aquificales
[29,33]. Unlike the phylogenetic trees in which the deduced
relationships are dependent upon a large number of variables
and often not resolved, the relationships inferred by this
method are based on minimal assumptions and are unam-
biguous [3,19,23,37]. The phylum Aquificales is made up of
four genera, Aquifex, Hydrogenobacter, Calderobacterium,
and Thermocrinis [36]. The first two genera contain two and

three species, respectively, whereas the last two genera are
made up of only a single species [36]. Except for A. aeolicus,
whose genome has been sequenced [11], very limited
sequence information is available for other Aquificales
species. This work describes a large number of signatures,
many of them for the first time, that are relevant to under-
standing the phylogenetic placement of this phylum. The
sequence information for various genes that were studied
here was obtained from most of the Aquificales genera in
order to ensure the general applicability of the derived infer-
ence to the entire phylum.

A summary diagram of the results obtained from different
signatures is presented in Fig. 8. Based on their observed dis-
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E. coli 42818 RVPNGVSGTVIDVQVFTRD |GVE (91aa) KRRKIT|QGDD LAPGVLKIVKVYLAVKR
Pas. multocida 15603602 --={91laa) Q-G--I|-=== ======= Vemmmme e
Pse. aeruginosa 15599466 ---{103aa)-K--LQ|--== ========——e—-- I--
Vibrio cholerae 15640355 -==(92aa) —————=|==== mmmmmeee o
X. fastidiosa 15839222 -I-(104aa)--5-==|==== ====== ———
Ral. solanaceum 17547753 --T{104aa)--K-L-|-—-E P===I-M-=—ceea——
Nei. meningitidis 15676060 -IQ(104aa)-KK-L- |-==E =-Q---Q-M---FI-I--
Proteobacteria | Rho. rubrum Zp_00013726 ~-I-P--T---VE-R--N-R|---(104aa)-KVEKL|-RG-E-P-----M---FV----
Ri, prowazekii 6652726 H=-=-8-===== VE-RI-S-R|---(104aa)-VE-LQ|S--- -PQ-A--V---FI-T-H
Bru. melitensis 17987032 -M-P-TY~-~-~VE-R--N-H|---(104aa)-VE-VQ |R--E MP---M-M---FV----
Ca. crescentus 16124757 ~L-P--A--IV--R--N-H|--D(103aa) -VD--Q |R=~E =P---M-MV--FV----
A. tumefaciens 15889250 -M-P-TF--IVE-R--N-H |---(104aa)-VE-VQ |R--E MP---M-M---FV----
Des. desulfuricans ZP_00129103 KV-P-IE~----- KL-N-R |8G-(11laa)--E~V- |E~-~ -P--=I-MA--HI----
Hel, pylori 15645812 YC~PSLE~=~ww=w= K---KK|-Y¥-(108aa) EKLS-L |[EK--I-PN--I-K--L-I-T--
Camp. jejuni 15791842 YATASLE-V-V--KI--KK|-Y-(108aa) EKLE-L |EK--I-PS~~I~-L====I-T=-=~
Agqu. aeolicus 15606949 -C-P--E-I---------K|-TG(110aa) EKKETL | LKRRD-P--~ITL=-=-~FI-N--
. Aqu. pyrophilus 4753643 -C-P--E-I-======---K|-GK(110aa) EKKETL | LKRRD-P-==ITL--=FI-N--
Aquificales | uydro. marinus AY188442 ~==T==E=I-V-===-A~K | -1~ (125aa) ~-IKEVE [K-A- -K---NEL----I-Q--
C. hydrogenophilum  AY188443 -C-P--E-V-V-----A-K|VG- (110aa)-EES-G |KRSE -PA--IAL----I-Q--
Cyt. hutchinsonii ZP-00119276 KA-PSLR-V---TKL-S-P|KKD(133aa)RE-FTL|EVG-E-PA-IVQLA---I-K--
. Cb. tepidum APMT71403 H--A-MK-I--KTKL-5-K|KKI (110aa) EKY--N|V--E -P--IEELA---I-0Q--
Chlamydiae, | ror. cangingivalis 10637868 KANPSL--V-~-KTHL-SKA |MHS (107aa) RKKFDA | TIG-E-PN-11Q-A-~LI-K--
CFBG Group Chl. trachomatis 15605036 T--P-TE-V-M--K--S-K|DRL(112aa)EAEH-K|E~--AD-DH--IRQ----V-5--
Chlam. pneumoniae 16753076 T--P-TE-V-M--K--S-K|DRL(112aa)EVEH-R |E--AD-DH--IRQ----V-5--
Lep. interrogans AANS0618 NQ-E -PA--EEM---FV-R--
. Bor. burgdorferi 15594734 DVGN -S5---EE-L---V-K--
Splro‘:hetes Tre. pallidum 15639233 E----N---SEV---LI-T--
Nostoc sp. PCC 7120 17229086 -=-E -P--ANMV-R--V-Q--
Cyanobacteria | synechocystis 6803 16329957 Ko-E —P-—ANMV-RI-V-Q--
* Thermo. elongatus BACOB193 -==E -P--ANMV-R--V-Q--
Deinococcus- Cfx. aurantiacus 2P_00017399 --————R-K----K--5-8 E-AE -PV--NQT-R-L-CQ--
Thermus aguaticus 20139789 ---P-EG-I-VGRLRLR-G DPGVE-K---REV=-R=FV-Q-~
Thermus' GNS D. radiedurans 15805937 --Q5-0G-I-VKTVR-R-G DEGVD-K---REM-R--V-Q--
Thermotoga 1. maritima 15643224 -L-H--E-R--R-D-YDON DIAE -GA----L-R--V-SRK
Cor. glutamicum 19551731 K--H-ET-K--G-RH-S-E Dh=w = NEMIRI-V-Q--
Myc. leprae 418765 K--H-E--K--GIR--SHE DD-E -PA--NEL-R--V-Q--
Str. ceolicolor 21223036 K--H-EI-K--G-R--D-E E--E =-P=-=--NQL-R--V-Q--
Therm. tengcongensis AAM25443 TM-H-SK-V-V-ILELS-E N--E -KA--N-SIR-LV-E--
Ocean. iheyensis BAC12068 ---H-GG-I-L--KI-N-E D--E -P---NQLVRA-IVQ--
Bac. subtilis CAB11883 ---H-GG-IIH--K--N-E D--E -P---NQL-R--IVQ--
Gram -positive | Lis. innocua 16799362 -==H-GG-1~L==KI-=-E A--E -P---NQL-R--IVQ--
Bacteria Clo. perfringens 18311395 -=--H-EA-IIV--K----E N--- -§---NEL-RC-I-Q--
Sta. aureus 15923532 ===H-AG-I-L--K--N-E E---T-5---NQL-R--IVQ--
M. genitalium 12045200 K-SH-GD-I1-SA-KR-SIA N--E -ND--IEMI---VVQ--
Strep. pneumoniae 15901784 =--H-AD-V-R--KI---V N--E -QS--NML-R--I-Q--
L. lactis NP_267957 ---H-GG-I1-H--R----E N--E -PS--N-L-R-FI-Q--
Halo. sp. NCR-1 ARG20693 TMRS-ED-VVDT-TLMEG- DGSK-AK-SVRDE-
Archaea Meth. barkeri 2P_00079000 TMRSNET-I-DT-ILTESI NGTRLA--KVRDE-
Pyr. aerophilum ARLB2934 A-RR-EK-I-DK-IITESP EGN-L---R-REL-
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Fig. 5. Partial alignment of RNA polymerase -subunit sequences showing a large insert (>100 aa) that is specific for the Proteobacteria, Chlamydiae,
CFBG group, and Aquificales homologs. This insert is not found in other bacterial or archaeal homologs.

tribution in different bacterial phyla, the diagram depicts the
inferred evolutionary stages where these signatures were
introduced in these genes during the course of bacterial evo-
lution. In this diagram, all of the marked signatures are pres-
ent in the various bacterial groups above the indicated inser-
tion points, but they are not found in any of the groups that
lie below. The large inserts in Hsp70, RpoB, RpoC, and
AlaRS, which are absent from various monoderm bacteria
(Firmicutes, Actinobacteria and Thermotoga) are also not
found in any archaeal homologs, providing evidence that
within Bacteria, the gram-positive (monoderm) bacteria (Fir-
micutes, Actinobacteria) and Thermotoga constitute early
branching lineages [28]. The presence in Aquificales of the
large insert in Hsp70, which is a distinctive characteristic of
diderm bacteria, supports their placement within this group.

The signature in Hsp60 further excludes Aquificales from the
Deinococcus/Thermus and GNS phyla. The large insert in
RpoC, which in addition to its presence in Aquificales is
found only in Cyanobacteria, Spirochetes, Chlamydiae,
CFBG group, and Proteobacteria, places Aquificales within
these groups. The shared conserved indels in AlaRS and
RpoB further refine the placement of Aquificales to Chlamy-
diae, the CFBG group, and Proteobacterial groups. The sig-
nature in PPase, which is present only in Proteobacteria and
Agquificales species, points to a specific relationship between
these groups to the exclusion of all others. However, the
absence of various signatures that are distinctive of the
Proteobacteria in Aquificales homologs indicates that Aqui-
ficales constitutes a distinct phylum that diverged prior to the
Proteobacteria. The only arrangement of the different bacte-
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E. coli BAB38627
X. fastidiosa AAF84970
Pse. aeruginosa AAGOT7418
Vibrio cholerae ARF95686
Pas. multocida ARK03275
Ral. solanacearum CAD16056
B Nei. meningitidis NP_273684
Proteobacteria | ca. crescentus RAK22035
Brucella melitensis 17986360
Ri. prowazekii CAR15034
Rho. rubrum ARF21981
A. tumefaciens ARK88383
Hel. pylori BADOT684
Camp. jejuni CAB75274
Aqu. aeolicus BACO7463
H C. hydrogencphilum AY254208
Aqu"ﬁca’es Hydro. marinus AY254205
Tec. ruber AT254213
Cb. tepidum BRM72059
= Cyt. hutchinsonii 23135798
Chiamydlae; Chlam. pneumoniae BARS9126
CFBG Group | Chl. muridarum AAF39030
Chl. trachomatis AACE8367
Spirochetes Lept. interrogans 24198094
Synechocystis 6803 BAA18431
. Nostoc sp. PCC 7120 BAB75269
Cyanobactefla Pro. marinus pastoris 23122353
Thermo. elongatus 22295609

Dehalo. ethencgenes TIGR_61435
Thermus, GNS | Thermus aguaticus 585324
Myc. leprae CAC29718
Str. coelicolor CAB42762
Thermobif. fusca ZP_00058806
Cor. glutamicum 25029102
for Bif, longum 23335625
Gram-pOSItIVB M. pneumoniae RRB95962
Bacteria M. genitalium HE64238
M. pulmonis CAC13643
U. urealyticum B82908
Bac. stearothermophilus 2059312
Bac. halodurans BAB05323

88 —
RPVGVLKMTDEAGEDAKLVAVPHS KL

142
SKEYDHIKDVNDLPELLKRAQIAHFFEHYK

-=—==-Q~K----N-E--L---V- |-I1| FSG-S-~E-I-QVSAHWLER-G=======
—————— H----==G====1~===D [~~| ~VL-KDV-EYT~=-A==LE==K===-N--
D L e T 1] Q=== Ammmmmm T----R--
SRS —— - S — e [ Am—mmmm Q===

-PATA-MT-LS-IGON-LD--K----Q--
NNGNAY -TLS---QQ-IK--EFH-N---
HPF-TGVTSWR-~-TI~TE=====~ Q---
TRR-EK-H-YT-M--ITLK========~
DITF----ELD-~C-M~-KR=V=m=mmm=mm
Y PYH-NVNNFG--RPIELRR-E-~~A-~~
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Fig. 6. Excerpts from sequence alignment of inorganic pyrophosphatase showing a 2-aa insert (boxed), which is found only in Aquificales and pro-
teobacterial homologs, indicating a specific relationship between them. For abbreviations of species names, see previous figure legends. Additional
abbreviations: Dehalo., Dehalococcoides; Pro., Prochlorococcus; Thermobif., Thermobifida; U., Ureaplasma.

rial groups that is compatible with the various signatures
places Aquificales in a position between Chlamydiae and
CFBG groups and Proteobacteria. All of the other main
groups within Bacteria appear to have branched off at earlier
stages.

The question can now be asked whether these results can
be explained by any other reasonable means. In this context,
note that most of the proteins in which the various signatures
are found (e.g., RpoB, RpoC, AlaRS, Hsp60, Hsp70, CTP
synthase) are single-copy essential genes present in virtually
all Bacteria. For most of these proteins, >50 sequences are
available from the bacterial groups containing the inserts
(e.g., Proteobacteria, Aquificales, Chlamydiae, and CFBG
group) and an equally large number from the bacterial groups
lacking them (e.g., Spirochetes, Cyanobacteria, Deinococcus
-Thermus, Thermotoga, gram-positives). If these genes (or
indels) were subjects of frequent lateral gene transfers
(LGTs) [9,13,25], then one would expect that some of the
species from the former groups would be lacking the signa-

tures and at the same time several species from the latter
group would possess these indels, resulting in a more random
arrangement. However, the fact that all species from the for-
mer groups contain these signatures, and none of these signa-
tures are found in species from the latter groups, provides
strong evidence that they were introduced only once in a
common ancestor of the first group of species. (A second
homolog of Hsp70 lacking the large indel has been found in
Borrelia burgdorferi. This homolog is likely derived by
means of LGT and it is readily distinguished from the normal
Hsp70 homolog [21].) The y* probability (assuming two
degrees of freedom) that the observed distribution of these
indels is due to random occurrence is virtually nil (<107'%),
These results challenge and do not support the presently
held view that the Aquificales group constitutes the deepest
branching lineages within Bacteria. The deep branching of
Agquificales in phylogenetic trees could result from a variety
of factors, including the long branch-length effect and LGT
[15,34]. The Aquifex genome appears to be rapidly evolving
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Fig. 7. Partial alignment of CTP synthase sequences showing a 10-aa insert that is distinctive of various Proteobacteria, but not found in
Aquifica les species or other groups of Bacteria. A smaller 4-aa insert specific for Actinobacteria is also present in this region. For abbre-

viations of species names, see previous figure legends. Nit., Nitrosomas.

[11,36], and thus many Aquifex genes are subjects of long
branch-length effects leading to their abnormal branching in
phylogenetic trees. LGT is another important factor that can
lead to abnormal branching in phylogenetic trees. About 10%
of the 4. aeolicus genes exhibit extensive sequence identity
to homologs from various Archaea, implicating massive LGT
between these groups [2]. If this is the case, then in phyloge-
netic trees constructed from homologs of the transferred
genes, Aquificales species will branch near the root of the
tree, as their sequences would closely resemble those of the
Archaea. Note in this regard that, in contrast to the 4. aeoli-
cus genome, which has a G + C content of 43.4%, the G + C
content of 16S-23S-5S operons in this species is 65% [11],
which suggests that either the rRNA genes in this species
selectively evolved at a very rapid rate, or that they have been
acquired from a high G + C species by means of LGT.

However, the differences in evolutionary rates are not
expected to have a significant effect on the placement of
species into different clades based upon conserved indels in
widely distributed proteins [19].

The late divergence of the Aquificales, as suggested by
the present work, has important implications for bacterial
/prokaryotic phylogeny. The clustering of the Aquificales and
other hyperthermophiles at the base of the prokaryotic tree
has provided the main argument for a hot origin of life [8,12].
However, a later divergence of Aquificales suggests that ther-
mal adaptation within Bacteria probably occurred in many
different lineages independently [16].
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Las secuencias signatura de diversas proteinas
demuestran la divergencia tardia del Orden Aquificales

Resumen. Actualmente se cree que las especies de Aquificales son las que
primero se separaron dentro del dominio Bacteria. No obstante, el orden de
ramificacion de este grupo no esta resuelto y en los diferentes arboles filo-
genéticos es altamente variable. En este trabajo hemos examinado la posi-
cion filogenética de Aquificales mediante un enfoque cladistico basado en la
presencia o ausencia de secuencias signatura definidas (consistentes en adi-
ciones o deleciones conservadas) en muchas proteinas importantes y muy
conservadas, como son la RNA polimerasa 3 (RpoB), la RNA polimerasa 3/
(RpoC), la alanil-tRNA sintetasa (AlaRS), la CTP sintasa, la pirofosfatasa
inorgéanica (PPasa), Hsp70 y Hsp60. Con este objeto, se clonaron fragmen-
tos de los genes de las proteinas enumeradas que contenian las regiones sig-
natura provenientes de diferentes especies de Aquificales (Calderobacterium
hydrogenophilum, Hydrogenobacter marinus y Thermocrinis ruber) y se
compararon las secuencias con las disponibles del resto de las especies. La
presencia de insertos distintivos en las proteinas Hsp70 y Hsp60 de las
especies de Aquificales, no presentes en ninguna especie de Firmicutes,
Actinobacteria o Thermotoga-Clostridium, las excluyen de estos grupos del
dominio Bacteria. La presencia compartida de importantes inserciones-dele-
ciones en las proteinas RpoB (>100 aa), RpoC (>100 aa) y AlaRS (4 aa) que
solo se encuentran en varias especies de Aquificales, asi como de Clamidias,
el grupo CFBG (Cytophaga-Flavobacterias-Bacteroides-Bacterias verdes
del azufre) y las Proteobacterias indica su pertenencia a estos grupos de Bac-
teria. Un inserto de 2 aa en la pirofosfatasa inorgnica, inicamente presente
en los genes homologos de Aquificales y Proteobacterias, parece indicar una
relacion especifica entre estos dos filums. No obstante, las especies de
Aquificales carecen de algunas otras signaturas de proteinas (por ejemplo,
los indeles en CTP sintasa y Hsp70) caracteristicas de las Proteobacterias, lo
cual indica que constituyen un filum separado pero relacionado con las
Proteobacterias. Estos resultados prueban intensa y consistentemente que las
Aquificales se separaron después de la ramificacion de los grupos
Firmicutes, Actinobacterias, Thermotoga, Deinococcus-Thermus, Bacterias
verdes del azufre, Cianobacterias, Espiroquetas y Clamidias-CFBG, pero
antes de la emergencia de las Proteobacterias. [Int Microbiol 2004;
7(1):41-52]
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As seqiiéncias assinaturas de diversas proteinas
demonstram a divergéncia tardia da Ordem Agquificales

Resumo. Atualmente acredita-se que as espécies de Aquificales sdo as que
primeiro se separaram dentro do dominio Bacteria. No entanto, a ordem de
ramificag¢@o deste grupo ndo esta resolvida e ¢ altamente variavel nas difer-
entes arvores filogenéticas. Neste trabalho foi examinada a posigdo filo-
genética de Aquificales mediante uma aproximagéo cladistica baseada na
presenca ou auséncia compartilhada de seqiiéncias com assinaturas definidas
(representando adi¢des ou delegdes conservadas), encontradas em muitas
proteinas importantes e altamente conservadas como sao a RNA polimerase
B (RpoB), a RNA polimerase ' (RpoC), a alanil-tRNA sintetase (AlaRS), a
CTP sintase, a pirosfosfatase inorganica (PPase), Hsp 70 e Hsp60. Com esse
obtetivo foram clonados fragmentos dos genes das proteinas enumeradas e
que continham as regides assinatura provenientes de diferentes espécies de
Aquificales (Calderobacterium hydrogenophilum, Hydrogenobacter mari-
nus € Thermocrinis ruber) e comparadas as seqiiéncias com as disponiveis
para as demais espécies. A presenca de inser¢des distintas nas proteinas
Hsp70 e Hsp60 das espécies de Aquificales as quais ndo foram encontrados
em nenhuma espécie de Firmicutes, Actinobactérias ou Thermotoga-
Clostridium, exclue estes grupos do dominio Bacteria. A presenga compar-
tilhada de importantes inser¢des-delecdes nas proteinas RpoB (>100 aa),
RpoC (>100 aa) e AlaRS (4 aa) em varias espécies de Aquificales assim
como de Clamideas, o grupo CFBG (Cytophaga-Flavobactérias-Bacte-
roides-Bactérias verdes do enxofre) e as Proteobactérias indica fortemente a
inser¢do dessas espécies nos grupos de Bacteria. Uma adi¢do de 2aa na piro-
fosfatase inorganica, presente unicamente nos genes homologos de Aqui-
ficales e Proteobactérias, parece indicar uma relagdo especifica entre estes
dois filos. Entretanto, as espécies de Aquificales ndo possuem assinatura em
algumas proteinas (por exemplo, os indels em CTP sintase e Hsp70) que sdo
caracteristicas das Proteobactérias indicando que elas constituem um filo
distinto, embora relacionado com as Proteobactérias. Estes resultados repre-
sentam uma forte e consistente evidéncia de que os Aquificales se divergi-
ram depois da ramificagdo dos Firmicutes, Actinobactérias, Thermotoga,
Deinococcus-Thermus, Bactérias verdes do enxofre, Cianobactérias,
Espioquetas e os grupos Clamideas-CFBG, porém antes do surgimento das
Proteobactérias. [Int Microbiol 2004; 7(1):41-52]

Palavras chave: Aquifex - filogenia bacteriana - ordem de ramificagéo



