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Fibrobacteres, Chlorobi, and Bacteroidetes (FCB group) com-
prise three main bacterial phyla recognized on the hasis of 168
rRNA trees. Presently, there are no distinctive biochemical or molec-
ular characteristics known that can distinguish these bacteria from
other bacterial phyla. The relationship of these bacteria to other
phyla is also not known, This review deseribes many signatures,
consisting of defined and conserved inserts in widely distributed
proteins, that provide distinctive molecular markers for these
groups of bacteria. These signatures serve to clarify the evolution-
ary relationship between members of the FUB group, and to other
bacterial phyla. A 4 aa insert in DNA Gyrase B (Gyr) and a 45 aa
insert in the SecA proteins are uniquely shared by various Bac-
teroidetes species. The insert in GyrB is present in all Bacteroidetes
species (>100) covering different orders and families, indicating
that it is a distinctive characteristic of the group. Three signatures
consisting of an 18 aa insert in ATPase cx-subunit, an 8-9 aa insertin
the FtsK protein and a 1 aa insertin the UvrB protein are commonly
shared only by the Bacteroidetes and Chlorebi homologs provid-
ing evidence that these two groups are specifically related to each
other. Two additional inserts in the RNA polymerase /3’ -subunit
(5-7 aa) and Serine hydroxymethyl-transferase (14-16 aa), which
are commonly present in various Bacteroidetes, Chlorobi, and Fi-
Brobacteres homologs, but not any other bacteria, provide evidence
that these groups shared a common ancestor exclusive of all other
bacteria. The FCB groups of bacteria are indicated to have diverged
from this common ancestor in the following order: Fibrobacteres —
Chlorobi — Buacteriodetes. The inferences from signature sequences
are strongly supported by phylogenctic analyses. These observa-
tions suggest that the FCB groups of bacteria should be placed
in a single phylum rather than three distinct phyla. Signature se-
guences in a number of other proteins provide evidence that the
FCR group of bacteria diverged ata similar time as the Chlamydiae
group, and that the Spirochetes and Aquificales groups are its closest
relatives.
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INTRODUCTION

Fibrobacteres, Chlorobi, and Bacteroidetes represent three
of the presently recognized main divisions (or phyla} within
Bacteria (Ludwig & Klenk 2001 Garrity & Holt 2001: Balows,
Triiper, Dworkin ct al. 1992). Specics belonging to these phyla
exhibit enormous phenotypic and metabolic diversity (Gherna
& Woese 1992). Fibrobacteres are major rumen bacteria, which
enable the ruminants to breakdown and digest plant cellulose
(Hungate 1950; Amann, Lin, Key ctal. 1992: Krause & Russell
1996: Lin & Stahl 1995). The Chlorobi, also known as Green
sulfur bacteria, are obligate photolithotrophs which carry out
anaerobic photosynthesis withdrawing electrons from hydro-
pen sulfide (Truper & Pfennig 1992; Imhoft 2003; Overmann
& Tuschak 1997; Frostl & Overmann 2000} They are mainly
found in anoxic aquatic environment where sunlight is able
to penetrate. The bacteria belonging to Bacteroidetes division,
previously known as the Cyvtophaga-Flavobacteria-Bucteroides
(CFB} group, are widely distributed in dilTerent habitats ranging
{rom Antarctic ice (o fresh and salt water lakes, to terrestrial soil
and hydrotherma! Obsidian pool (Shah 19924, b; Holmes 1992;
Reichenbach 1992; Shah 1992; Paster, Dewhirst, Olsen et al.
1994; Hugenholtz, Pitulle, Hershberger et al. 1998, Ventosa,
Nicto, & Oren 1998; O Sullivan, Weightman, & TFry 20023
Ohkuma, Noda, Hongoh, et al. 2002: Humayoun, Bano, &
Hollibaugh 2003: Barbicri, Potenza, Rossi et al. 2000; Anton,
Rossello-Mora, Rodriguez-Valeru et al. 2000). Many ot the CI'B
group bacteria show close association with human and animal
hosts, where they perform useful functions and are also the
causative agents of a variety of diseases (Murray & Stac kebrandt
1995 Duncan 2003; Shah, Gharbia, & Duerden 1998).

The taxonomy and evolutionary relationships both within and
among the Fibrobacteres, Chlorobi, and Bacterotdetes (FCB) di-
visions ol bacteria has been revised a number of times but are still
not clearly understood. Based on16S fRNA trees. these groups
of bacteria werc originally indicated to form one of the 10 main
phyla within Bacteria (Woese, Stackebrandt, Macke ct al. 1985;
Woaese 1987). Fibrobacter succinogenes, in the beginning was
considered a member of the Bacterofdes group (Hungate 195(0).
However, subsequent swudies indicated that £ succinogenes was
less closely related to other Bacteroides species. leading to its
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transfer into a distinet phlyum (Montgomery, Flesher, & Stahl
1988). Chlorobium species generally exhibit close affinity to
the CFB group of bucteria in phylogenetic trees (Olsen, Woese,
& Overbeek 1994; Olsen & Woese 1993; Gruber, Eisen, Gish
etal. 1998; Gupta, Mukhtar, & Singh 1999; Zinder 1998). How-
ever, their photosynthetic ability has been an important con-
sideration in their recognition as a distinet phylum. In com-
parison o Fibrobacteres and Chlorobi, which contain only a
limited number of species (Garrity & Holt 2001; Cole, Chai,
Marsh et al. 2003), Bacteroidetes form a major group within
hacteria. exhibiting a potpourri of phenotypes. including glid-
ing behavior and the ability to digest and grow on a variety
of complex substrates such as cellulose, chitin, and agar (Shah
1992a; Reichenbach 1992; Paster, Dewhirst, & Olsen [904:
Shah,

Garbia, & Duerden 1998; Holdeman, Kelley. & Moore 1984;
Reichenbach & Weeks 1981). Based on their hochemical and
physiological propertics, DNA homalogy, and fRNA character-
istics, Shah and Collins (Shah & Collins 1988, 1989, 1990) ini-
tially proposed division of Bacteroides into three main groups,
namely Bacteroides, Prevorella, and Porphyromonas. In later,
more detailed studies based on 168 rRNA trees, tive major sub-
groups (viz. Cviophaga, Flavobacter, Baciervides, Sphingob-
aeter, and Saprospira) were identified within the CFB phylum
{Gherna & Wocese 1992; Paster, Dewhirst, Olsen et al. 1994).
More recently, in the 2nd edition of Bergey's Manual of System-
atic Bucteriology and the Ribosomal Database Project-11, the
Bacteroidetes phylum is divided into three main classes viz, Bee-
tervides, Flavobacterin, and Sphingobacteria. each comprised
of a number of difterent families {Garrity & Holt 2001; Cole,
Chai, Marsh et al. 2003).

Our current understanding of the taxonomy and evolutionary
relationships of FCB divisions is mainly based on 165 rRNA
trees (Woese 1987; Olsen, Woese, & Overbeck 1994: Olsen &
Woese 1993; Cole, Chai, Marsh et al. 2003). Except for branch
patterns in the 165 rRNA trecs, there are no distinctive bio-
chemical or molecular characteristics known which can clearly
distinguish species belonging 10 these phyla from other bacte-
ria. The relationships of these phyta to each other and to other
main divisions within bacteria are also not resotved at present
{(Ludwig & Klenk 2001: Ludwig & Schlcifer 1999). Recently,
a new approach has been desceribed based on conserved inserts
or deletions (indels or signature sequences) found in different
proteins that is proving very useful in clearly distinguishing the
major groups within Bacteriu and also for deducing the interrelu-
tionships among them (Gupta 1998, 2000, 2002, 2003; Guptua &
Griffiths 2002). This review cxamines the evolutionary relation-
ships among the FCB divisions of bacteria using both the sig-
nature sequence and traditional phylogenetic approaches. This
article describes for the first time a large number of conserved
indels in widely distributed proteins that are distinctive char-
acteristics of the FCB divisions of bacteria. A number of these
signatures are unique for the Bacteroideres species, whercas sev-
eral others are commonly shared by cither the Bacteroideres and
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Chiorobi groups, or by Bacteraidetes, Chlorobi and Fibrobuc-
teres. These signatures provide molecular means for distinguish-
ing the FCB divisions of bacteria from all other bacteria and they
also clarify the evolutionary relationships among them. The dis-
tribution patterns of these signatures and phylogenetic analyscs
based on difterent proteins, provide strong evidence that the FCB
divisions of bacterta shared a common ancestor exclusive of all
other bacteria, and that these groups branched oft from that an-
cestor in the order Fibobacteres — Chlorobi — Bucteroidetes.
The signature sequences described here also ¢larify the branch-
ing order of the FCB group relative to the other main divisions
within Bacteria.

THE USEFULNESS OF CONSERVED INDELS
FOR EVOLUTIONARY STUDIES

Conserved indels (or signature scquences) that are commonly
shared by members of one or more taxa provide a powerful
tool for identifying individual taxa in molecular terms and also
to understand how these phyla are related to others (Gupta
1998, 2000; Gupta & Griffiths 2002; Meyer, Cusanovich, &
Kamen 1986; Gupta & Singh 1992, 1994; Baldaufl & Palmer
1993; Rivera & Lake 1992; Karlin & Brocchieri 1998: Griffiths
& Gupta 2002; Morse, O'Hanlon, & Collins 2002; Brown,
Masuchi, Robb ct al. 1994). The evolutionary significant in-
dels are generally of defined size and are present in the same
position in a given protein. Such indels are atso tlanked by
conserved regions on both sides to ensure that they are reli-
able and not resulting trom sequence misalignment or other er-
rors. The simplest and most parsimonivs explanation for such
conserved indels is that they were introduced once in an an-
cestral species and then passed on to various descendants. The
signature sequences that have been identitied are of different
kinds. Some signatures are “group-specific” i.e.. they are com-
monly present in all specics belonging 1o particular taxa, but
not found in the other groups. These signatures were likely in-
troduced at the time when the particular groups of bacteria di-
verged (Gupta 20001 Griftiths & Gupta 2002). Group-specific
signatures that are distinctive of the Chlamydiae, Cyanobacte-
ria, Proteobacteria, Actinobacteriu, and Deinococcus-Thermus
groups have been recently described (Gupta 2000; Griftiths &
Gupta 2002; Gupta, Pereira, Chandrasekera ¢t al. 2003; and
Gupta 2004b) and based on them it is possible to define these
groups in clear molecular terms and (o identify other species
belonging to them. Another type of signatures are so-called
“main line™ signatures, which are commonly shared by sev-
eral major groups of bacteria but are absent from other hacte-
rial phyla (Gupta 1998, 2003; Gupta & Griftiths 2002, 2003).
Such signatures were likely introduced at critical branch points
during the course of bacterial evolution and they are of much
value in deducing the branching order and inter-relationships
among different groups of bacteria (Gupta 1998, 2001, 2002,
2003; Gupta & Griftiths 2002; Griffiths and Gupta 2004a). The
following sections describe a variety of signatures that are
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helpful in understanding the taxonomy and evolutionary rela-
tionships of the FCB groups ol bacteria. These signatures were
identified by similar means as described in earlier work (Gupta
1998, 2000; Gupta, Pereira, Chandrasckera et al. 2003). The
evolutionary significance of these signatures and other relevant
information is also presented.

~Bact. fragilis 13356812
Rik. microfusus 6046705
Mar. salmonicolor 6939926
Por. ginglvails 13358822
Pre. oralis 13358824
Fla. aquatlla 9971353
Fla. ferrugineum 13358818
Berg. zooheloum 6939871
GCapno. glngivalis 10039307
GCall. lytica 9971331
Ghr. meningosepticum 6939649
Pol, filamantus 28866796
Psych. gongwanansis 9571355
Empadobacter brevis 6939886
Ten. mesophilum 10038325
3 Zobellia ullginosa 9971354
Buctercidetes Salag. salagens 9971357
Weaksella viresa 69309879
Myroides odoratus 9971381
Sphing. spiritivorum 8939958
Pedehaciar heparinus 6939949
Flexibacter flexilis 10039321
Cyc. marinum 26866794
Cyt. hutchinsonii 11386844
Cyt. aurantiaca 11386843
Flect. major 2071371
Microscilla marina 9671374
Spor. cauliformis 9871382
Flammeovirga aprilca 9971342
Pera. difflusns 13516981
L.chit. pinensis 13368816
Chigrobi-Fibrobacter Gk, tepidum TLS 2167501
L Fib. succinoganes TIGR 59374
E. coli 2160009
Gox. burnetii 29653368
X. Tastldiosa 22996622
Ral. solanacearum 17548157
Nei. meningitidis 15676138
Proteobacteria Al. prowazekll 15604433
A. tumefaciens 15887371
Bru. melitensis 17988106
G, ¢rescentus 16124415
Geo, metalliraducans 23054283
Hal. hepaticus I2266626
L Camp. Jejuni 33187327
~Chl. muridarum 15835080
Chlam. pneumonias 28415637
Other Gram-ve Lep. interrogans 24212705
Bacteria Tre. pallidum 15639920
Agu. aeollcus 7437448
Lcfx. aurantiacus 22971553
Fuso. nucleatum 34763202
Bac. halodurans 15612569
Lis. monocytogenes 29652795
Sta. auraus 296395
’ PR Strep. pneumoniae 1490397
Gnlm-poslluw. Clo. acetobutylicum 15883804
Bacteria Gor. diphtherias AB2A2647
Myc. lepras 7437456
Troph. whipplel 28492572
$tr. coelicolor 21222782
L B1r. longum 23335943

indicate identity with the amino acid on

FIG. 1. Partial sequence alignment for Gyrase B showing a 4w insert (hoxed

SIGNATURE SEQUENCES CHARACTERISTICS
OF THE BACTEROIDETES

The Bacteroidetes represents one ol the largest groups within
Bacteria. In early of December 2003, there were 5890 entries
for Bacteroidetes species in the Ribosomal database project
(RDP-11), {Cole, Chai, Marsh et al. 2003) making it the {ourth
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). which is specific for the Bacteroidetes species. Dashes in all sequence alignments

the top line. The aceession numbers ol various sequences are shown in the second culumn. Only representative sequences

from different Bacteria are shown. Other Bacteroidetes species where this insert is presenl are listed in Table 1. Abbreviations in the species names are as [ollows! A,
Agrobacteriom, Agi., Aguifex; Bac., Bocilles: Bact., Bacteriodes: Berg., Bergevella, Bif., Bifidobacteriun, Bro., Briwelia, C.. Cautabacter: Camp., Campylobacter
Capno,, Caprocyiophaga: Ch., Chlorobiun, Cell., Cellulophage; Cfv.. Chloroflexis, Chit., Chitinophuga: Chi.. Chlamydia, Chiam. Chiomydophite; Chi, Chryseo:
Cla.. Clostridium, Cor., Corynebacterism;, Cox., Coxielfa: Cye., Cyclobucteriunn Cyr., Cviophaga: E.. Escierichia: Fib., Fibrobacter: Fla., Flavobacteriun,
Flect.. Flectobacifius; Fuso.. Fusobacteriunr. Gee, Geobacter, Hel., Helicobacier, Lep., Leptospira: Lis., Listeric: Mar., Marinilabilia, Myc., Mycohaeterium:
Nei.. Neisseria, Pers., Persicobacter, Pol.. Polurtbacter; Por., Porphyromonas. Pre.. Prevorella, Psvoh.. Psvehro,s Ral., Rulstonia, Ri., Ricketsia. Rik., Rikenellu
Sufeg., Salegentibacter; Sphing., Sphingobactervimn: Spor., Sporocvtophaga S, Stapliviococeus: Sir., Streptomyces, Strep., Streptovocens; Tun Trnnerella, Ten.,

Tenavibaculnne, Tre.. treponema, Troph., Tropheryma; X.., Xylelia.
T ! )
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TABLE 1
Bacteroidetes species containing Gyrase B Insert

Bacteriodales (Buacierioduceqe)
Buct. thetaiotaonticron
Bacteroides fragilis
Bacteroides vidlgetuy
Bacteriodales (Rikenellaceae)
Rikenella microfiesus
Muarinilabilia salmonicolor
Bacteriodales (Porphyromondaceae)
FPorph. asaccharolytica
Porphiyromonay gingivalis
Porphyremonas levii
Tunnerella forsvthensis
Bacteriodales (Prevorellyceae)
Prevotella intermedia
Prevotella oralis
Flavobacteriales(Flavobacieriaceae)
Flavobacteria aquatile
Flavobacteria ferrugineum
Flavobacteria johnsoniae
Bevgevella zoohelcum
Cupnocytopliaga canimorsus
Cupnocytophaga gingivaliy
Capnocytophaga ochracea
Cellulophaga bultica
Cellulophage fucicola
Cellulophaga Ivtica

Chryseo. meningoseplicum
Chryseobac. indologenes
Empedobacter brevis
Polaribacter filumentus
Poluribacter glomeratus
Psychro. gondwanensis
Salegentibacter sulegens
Tenacibuc.amyvlolyticum
Tenacibuculim maritimum
Tenacibaeulum mesophilum
Tenacibaculum ovolyticum
Weeksella virosa

Zobellia uliginosa
Flavabacteriales (Myvroidaceae)
Myroideys odoratus

Sphingobacteriales (Sphingobacteriaceue)

Sphingobact, spiritivorim
Pedobucter heparinuy

Sphingobacteriales (Flexibucteriaceae)

Flexibacter aggregans
Flexibacter canadensis
Flexibacter elegans
Flexibacter filiformis
Flexibacter flexilis
Flexibacter japonensis

29348838
13358512
6939896

6946705
0939926

6939900
13358822
13358820

e

EY
13358824

9971353
19912133
9971347
06939871
9971325
10039307
100039309
28866792
2BR6679()
9971335
6939649
0946703
6939886
28866796
9971373
9971355
9971357
10039343
9971359
10039325
9971363
6939879
9971351

9971381

6939958
6930949

9971377
10039323
30580459
10039317
10039321
30580460

Flexibacter litoralis
Flexibacter sancti
Cyelobacterium marinum
Cytophaga aurantioca
Cyvtophaga fermentans
Cytophaga hutchinsonii
Cyvtophaga laterculy
Cytophaga wmarinoflava

Cytophaga sp.
Cyvtophuga sp.
Cytophaga sp.
Cytophaga sp.
Cytophaga sp.
Cytophaga sp,
Cvtophaga sp.
Cyvtophagua sp.
Cytophaga sp.
Cyrophaga sp.
Cyrophaga sp.
Cytophaga sp.
Cyvtophaga sp.
Cytophaga sp.
Cytophaga sp.
Cytophaga sp.
Cytophaga sp.
Cvitophaga sp,
Cvtophaga sp.
Cytophaga sp.
Cytoplaga sp.
Cyvtophaga sp.
Cytophaga sp.
Cytophaga sp.
Cytophaga sp.
Cvtophaga sp.
Cyviophaga sp.

1-545

1-601

1-602

1-762
1147
[-1856
{1858
1-2029
120341
MBICOI355
MBICOI481
MBICOf482
MBICOI483
MBICO1484
MBICO1485
MBICO4661
MBICO4663
MBICO4664
MBICO4665
MBICO4666
MBICO4669
MBICO4671
MBICO4682
MBICO4693
T-424

1-565

1588

Flectobacitlus major

Microscilla furvescens

Microscilla marina

Microscilla sericed

Spavocytophaga cauliformiy

9971369
10039319
28866794
11386843

6939919
23135434

9971349

9971345
19912069
19912059
19912061
19912053
19912063
19912101
19912103
19912055
19912043
13516993
19912113
19912109
13517059
13517061
19912111
19912077
19912041
19912079
19912139
19912089
19912075
19912033
19912071
19912051
1991209
19912093
19912057

9971371

9971375

HYYT7 379
10039351

9971383

Sphingobacteriales (Flammeovirgacear)
Flammeovirga aprica
Persicobacter diffluens

9971343
13516981

Sphingebacteriales (Crenotrichaceae)
Chitinophaga pinensis

Unclassified CFB-Bacteria

Marine CFB-MBICI357

Muarine CFRB-MBICO1539

Muarine CFB-MRBICQ]599

Muarine CFB-MBICO444 1

Marine CFB-MBIC04442

13358814

Qu71327
13516987
13516989
13516997
13516999

{Continued on next page)
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TABLE 1
Bacteroidetes species containing Gyrase B Insert (Continued)
Marine CIB-MBICO4443 13517001
Murine CUB-MBICO4445 13517005
Marine CFB-MBICO4446 13517007
Marine CFB-MBICO4450) 13517011
Muarine CFB-MBICO4451 13517013
Murine CFB-MBIC04452 13517015
Marine CFB-MBIC04453 13517017
Murine CEB-MBICO4455 13517021
Muarine CFB-MBICO4458 13517025
Marine CFB-MBICO4466 13517029
Marine CFB-MBICO4467 13517031
Muarine CFB-MBICO44648 13517033
Marine CFB-MBICO4470 13517037
Marine CI'B-MBICO4471 13517039
Murine CFB-MBIC04473 13517043
Marine CFB-MBIC(4474 13517045
Muarine CFB-MBICO4475 13517047
Murine CFB-MBICO4476 13517049
Muarine CFB-MBICO4477 13517051
Muarine CFB-MBICO4487 13517065
Muarine CFB-MBIC0O5204 13516991

Information for other Bucteroidetes species which contain the GyrB
insert, inciuding accession numbers of the sequences, and the orders
and familics o which they betong is provided. The sequences marked
with astericks (%} are from the NCBI unpublished microbial genome
database.

largest phylum  within  Baeteria afler the  Protcobacteria,
Firmicutes and Actinobacteria (Garrity & Holt 2001; Cole, Chai,
Marsh et al. 2003). Bascd on 168 rRNA data, the Bucteroidetes
group has been divided into three main classes or orders (viz,
Bucteroidales, Flavobacteriales, and Sphingobucteriales) and
a fourth cluss or order of unclassified species (Garrity & Holt
2001 ; Cole. Chai, Marsh et al. 2003). The order Bacteroidules
consists of four main tamilics Bacteroiduceae, Rikenellaceae,
Porphvromonadaceae, and Prevotellaceae, and a fifth family of
unclassilied bacteria. The first four familics are comprised of 7,
2, 4. and 1 genera, respectively. The order Flavobacteriales is
made up of three families viz. Flavobucteriaceae, Myroidaceae,
and Blatiabacteriaceae, Of these, Flavobacteriaceae contain 20
different genera, whercas the remaining two families each have
a single genus (Garrity & Holt 2001; Cole, Chai, Marsh et al.
2003). The last of the Bucteroideres orders (i.c. Sphingobacteri-
ales) which contains most of the gliding bacteria is again guite
large and it has been divided into five families viz. Sphingobacte-
riacede, Suprospivacede, Flexibacteriaceae, Flammovirgaceae,
and Crenotrichaceae. These families contain 2, 3, 12,4, and 6
genery, respectively, (Garrity & Holt 2001; Cole, Chai, Marsh
et al. 2003). As indicated above, the division of Bucreroideres
into these orders and families is mainly based on 168 rRNA
sequences and presently no distinctive molecular or phenotypic
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characteristics are known that can distinguish cither this entirc
phylum or various orders/famitics within it. Gherna and Woese
(1992) have previously proposed the division of CFB phylum
inte five subgroups (viz. Cytophaga. Flavobacter, Bacteroides,
Sphingobacter, and Saprospira) und they also described specific
substitutions in 165 TRNA that were distinctive of these sub-
groups. However, since this work was published, the phylogeny
of the CFB group has heen revised extensively as noted above
and the sequence information for this group has also increased
by more than 100-fold (Garrity & Hol 2001; Cole, Chai, Marsh
et al. 2003), Hence, the usefulness of the described signatures
in TRNA (Gherna and Woese 1992} as markers lor any of the
orders or families within the Bacteroidetes is presently unclear.

Recently, the complete genomes of two species belonging
to the CEB group viz. Bacteroides thetiotanicron and Por-
phyromonas gingivalis Strain W83 have been published (Xu,
Bjursell, Himrod et al. 2003; Nelson, Fleischmann, DeBoy ctal.
2003), and genomes of several other species are in the process of
being completed. Partial scquences for a pumber of these species
viz. Bucteroides fragilis, Cviophaga hurchinsonii, Prevotella in-
rermedia, and Tannerellu forsythensis are available in the NCBI
microbial genomes database (NCBI 2001). This information, in
conjunction with that available for Chlorobium tepidunt (Eisen,
Nelson, Paulsen et al, 2002} and the partial genome sequence for
Fibrobucter succinogenes have proven instrumental in the iden-
tification of a number of signatures that appear distinctive for
the Bactervidetes, or those showing relationships among these
phyla. The signatures described in this review were identified by
visual examination of multiple sequence alignment ol different
proteins, which included all available sequences from Fibrohac-
teres, Chiorobi, and Bactervidetes. The indels that were unique
toonly particular species were not further investigated. However,
the potential usefulness of various other indels in conserved re-
gions which were shared by more than one species from these
groups of bacteria was examined by additional BLAST searches
on short sequence segments (usually between 60— 1K) au) con-
taining the indels and their flanking regions. The sequence infor-
mation from these searches were compiled into signature files.
These signature sequences and their evolutionary significances
are described helow.

DNA gyrase, a type 11 topoisomerase, which is responsible
for introducing negative supercoils into DNA, plays an essen-
tial role in DNA replication (Wang 1996; Wigley 1995). The
enzyme is made up of two subunits, A and B, and is present
in different bacteria. Because ol their ubiguity and high degree
of seguence conservation. protein sequences for DNA gyrase
subunits have been extensively used for phylogenetic studies.
(Kasai, Watanabe, Gasteiger ¢t al. 1998: Suzuki, Nakagawa,
Harayama et al, 2001; Sawada, Suzuki, Matsuda et al. 1999
Seo & Yokota 2003; Yamamoto, Kasai, Arnold et al. 2000). The
resolution obtained from such studies is generally comparable,
and in many cases has been noted to be superior, (o thatobserved
in the 16S rRNA trees (Kasai. Watanabe, Gasteiger et al. 1998,
Suzuki, Nakagawa, Haruyama et al. 1999}, We have identified
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FIG. 20 A ncighbor-joining distance tree based on GyrB sequences. The tree 1s based om 354 aa, excluding all indels, which could be altgned without amhbiguoity
in the different sequences. The tree was constructed using the TREECON phylogenetic program (Van de & Wachter 1994). The root of the tree has been arbitrarily
placed between Firmicute species, which hased on our work on signature sequences is indicated to be one of the carlicst branching phyla within Beeteria (Gupla
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a4 an insert in a conserved region of DNA gyrase B (Gyb B)
that is commonly shared by various Bacteroidetes species, but
is not found in other groups of bacteria (Figure 1). The sequence
information for GyrB is available from a large number of bacteria,
and only representative results from the main groups are shown
in Figure 1, Suzuki et al. (1999, 2001), have carricd out exten-
sive work on GyrB sequences from the CFB division. As a resuil
of their work, sequence information for this region of GyrB is
available from a large number of Bucteroidetes species listed in
Table 1. The species for which information is available include
all of the different orders as well as the main families within the
Bacteroidetes phylum. The insert in GyrB (Figure 1) is present
in all of these species but is not found in other groups of bucte-
ria, indicating that it is a distinctive characteristic of the entire

phylum. Besides Bacteroidetes, a 4 aa insert is also present in
this region in the Brucella species (a-Proteobacteria). Since this
insert is not present in any other proteobacteria, it has cither
occurred independently or acquired by means of lateral gene
transfer (LGT).

GyrB sequences have been used by other investigators for
phylogenetic analyses (Kasai, Watanabe, Gasteiger et al. 1998;
Suzuki, Nakagawa, Harayama et al. 1999, 2001 Sco & Yokota
2003; Yamamoto, Kasai. Arnold et al. 200; Yanez, Catalan,
Apraiz et al. 2003; Fukushima, Kakinuma, Kawaguchi 2002).
Suzuki et al. have reported detailed phylogenetic analysis based
on GyrB sequences for the CFB group of hacteria, which led
Lo the identification of a new genus Tenacibaculim (Suzuki,
Nakagawa, Harayama et al. 1999, 2001). However, most of the
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earlier studies on GyrB have been limited to examining the re-
lationship between members of particular phylum and they do
not provide information regarding relationships among different
main groups of bacteria. Figure 2 shows a phylogenetic tree
hased on GyrB sequences that includes representative species
from the different main phyla. Such analysis was carried out
on sequence regions for which information was available from
different species, Any sequence region where the alignment was
deemed unreliable due to poor sequence conservalion was omit-
ted from the analysis. The signature region was also not in-
cluded in the phylogenetic analysis to prevent any bias due to
this indel on the resulting tree topology. The tree shown is a
neighbor-joining distance tree (Saitou & Nei 1987) obtained
after bootstrapping 100 times (Felsenstein 1985), and was con-
structed using the TREECON phylogeny program (Van de &
De Wachter 1994). The bootstrap scores for ditferent nodes
which were =50 are shown. As seen from the tree based on
GyrB in Figure 2. all of the Bacternidetes specics lormed a
well-defined clade grouping rogether 100% of the time. The ob-
served insert in the GyrB sequences was thus likely introduced
in a common ancestor of this group at the stage marked by the
arrow in Figure 1. Furthermore, species belonging to various
other bacterial groups viz. Protechacteria, Chlamydiae, Acti-

nobacteria, Firmicutes, and Spirocheres, were found to form
well-defined clades grouping together with high affinity in this
tree, as represented by high bootstrap scores. However, the rel-
ative branching order of these phyla was not resobved in the
GyrB tree, which is similar to that seen in the rRNA and other
trees (Olsen, Woese, & Overbeek 1994; Olsen & Woese 1993,
Gupta, Fisen, Gish et al. 1998; Gupta, Pereira. Chandrasekera
et al. 2003: Gupla 1995; Eisen 1995; Gupta, Bustard, Falah
et al. 1997; Brown & Doolittte 1997). The inability ol the phy-
logenetic trees to resolve the branching order of higher phyla
is related to their dependence upon a large number of vari-
ables, as discussed in earlier work (Gupta 1998). It should be
noted that in the GyrB tree, Brucella specics branched within
the a-Proteobacteria clade, which is as expected (Cole, Chai.
Marsh et al. 2003; Gupta 2000; Boone, Castenholz, & Garrity
2001). This provides evidence against the LGT of gyrB gene
from Bacteroidetes to Brucellu, because if the insert in Bru-
cella was due to LGT, than one cxpect this sequence 1o be
most homologous to Bacteroidetes and it should branch with
this group in the phylogenetic tree. However, the branching of
Brucella with the a-Proteobacteria, as is normally expected
indicates that the 4 aa insert in this genus has originated
independently.
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FIG. 4. Panial sequence alignment for ATPase g-subunit showing an 18 aa insert that is commonly shared by various Bactervidetes species and Ch. fepidum.
An unrclated insert of 11 aais atso present in this region in various - and y-Proteohacteria. Additional abbreviations in specics names are: Buch.. Buclwern,
Birk., Hurkholderia: B, Enterococcuy, Meso., Mesorizobium, My, Myxococens; (ce., Oveanaobacittus, Rio., Rhodospivittuns, Tan., Tunnevella;, Thermosyar.,

Thermosynechococeus, Y., Yersiniag,

Another prominent signature that appears 1o be distinctive of
the Bacteroidetes phylum is present in the SecA protein, which
is involved in the export of proteins to the periplasmic compart-
ment (Valentin 1997; Schmidt & Kiser 1999). Similar to GyrB.
SecA homologs are also present in different bacterial genomes,
The identified signature in this case consists of a 45 aa insert
in a conserved region that s unique to various Bactercidetes
species for which sequence information is available (Figure 3),
but not found in any other bacteria. Although sequence infor-
mation for SecA is limited for Bacteroidetes, it includes rep-
resentative species {rom a number of different families within
Bacteroidales (viz. Bacteroides, Porphyromonas, Tunnerella,
Prevotella) as well as Sphingobacteriales. Thus, it is likely that
this signature will also be present in other Bacteroidetes species.
Although the 45 aa insert is unique to the Bucteroidetes species,
a smaller insert of 13 aa is also present in the same region in
various Chlamydiae as well as in Ch. tepichum. This latter indel
differs from that Tound in Bacteroidetes, both in terms of its
length and the sequence, and therefore, one expects this insert
to have eriginated independently.

SIGNATURES CHARACTERISTICS OF THE
BACTEROIDETES AND CHLOROBI

The Chlorobia phylum is comprised of a single class (Chloro-
bia), Order {Chlorobiales), and family (Chlorobiaceae). which
is further divided into five different genera (viz. Chiorobium, An-
calochloris, Chloroherpeton, Pelodictvon, and Prosthecochio-
ris)und another group consisting of unclassified species (Garrity
& Holt 2001; Frostd & Overmann 2000; Cole, Chai, Marsh
et al. 2003, Alexander, Andersen, Cox et al. 2002), One distinc-
tive cytological feature of this group is the presence of unigue
light harvesting complex chlorosomes, which harbor visible
tight absorbing pigments such as the bacteriochiorophylls and
carotenoids (Truper & Ptenning 1992; Alexander, Andersen,
Cox et al. 2002; Blankenship 1992, 1994). Besides Chlorobi,
chlorosomes have only been found in the Green nonsulfur group
ol bacteria (viz. Chioroflexi) (Pierson & Castenholz 1992), and
it is possible that some photosynthetic gences have been trans-
ferred between these two groups of bacteria via LGT (Gupta
2003; Raymond, Zhaxybayeva, Gogarten el al, 2002; Igarashi,
Harada, Nagashima et al. 2001). Recently, the complete genome
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the signature region in Figure 4. The bootstrap scores =50 are indicated. The
Bucteroidetes-Chitoreb! and in the fy7-Proteobacteria were imtroduced.

sequence of Ch. tepidum has been reported (Eisen, Nelson,
Paulsen et al. 2001). In phylogenetic trees based on 165 TRNA
and different proteins (e.g., Rec A, Hsp7(, etc.), Chlorobi species
form a phylogenctically coherent group exhibiting close atfinity
to the Bacteroideres group (Olsen, Woese, & Overbeek 1994
Olsen & Woese 1993 Gruber, Eisen, Gish et al, 1998; Gupta,
Mukhtar, & Singh 1999). However, a specific relationship be-
tween these groups based on any molecular or other shared
characteristic has not yet been demonstrated. We now describe
a number of signature sequences in proteins that are uniquely
shared by these bacterial phyla indicating that they are specili-
cally related.

The F | Fo ATP synthase is a multisubunit complex which syn-
thesizes ATP from ADP and inorgunic phosphate (Pi) utilizing
the chemiosmotic energy of a transmembrane potential of cellu-
lar H* or Na' gradients (Levya, Bianchet, & Amzel 2003). This
complex is localed in the cytoplasmic membrane of bacteria, the
inner membrane of mitochondria and the thylakeid membrancs
of chloroplasts. The F portion of this complex is a heteromer
made up of live subunits, w, 8. v, 6, and € with the stoichiometry
a1y de. The primary structures of most of these subunits are
highly conserved across different species. [n the ATP synthase
{ue), an 18 aa insert is present in o highly conserved region that
is uniquely shared by all available sequences for Bacteroidetes

‘ " L __
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A neighbor-joining distance (ree hased on ATPase (o) sequences. The tree is hased on 392 aligned positions, which excluded all indels including

arrow and the filled circle mark the evolutionary stages where the inserts in the

homologs and also by Ch. tepidum, but is not present in any
other bacteria (Figure 4). A smaller and unrelated insert of 11 aa
is also present in this region in various 8- and y -Proteobacteria,
which is distinctive ol these groups of bacteria (Gupta 2003). The
different lengths and sequences of the two signatures indicate
that these indels are unrelated and they have been introduced
independently. In a phylogenetic tree based on ATP synthasc
() sequences (carried out after excluding all inserts and dele-
tions). the Bacteroidetes species formed a well-defined clade
which was strongly supported by the bootstrap value (98 out
of 100y (Figure 5). Interestingly, the Ch. tepidum formed the
outgroup of the Bactervidetes group and a clade consisting of
Racteroidetes and Chlorobium species was again strongly sup-
ported by bootstrap analysis {99 of 100). Thus. a specific aftinity
of the Bacteroidetey and Chiorobium species as indicated by the
shared signature sequence is strongly affirmed by phylogenetic
analysis. The identified insert in this protein was thus likely in-
troduced in a common ancestor of these two groups, at the stage
marked by the arrow, In the tree shown in Figure 5, the £- and
y-Proteobacteria formed adistinct clade grouping together 100%
of the time. The observed insert in these bacteria was thus inde-
pendently introduced in a common ancestor of these groups (as
marked by the filled dotin Figure 5), and it provides a molecular
marker for these groups of bacteria (Gupta 2003).
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- -ML-L-¥-DO-PHLLTP WV- -PR-A-AA-KW-VA- TS
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B TR AD-PHLLTP - PK-AIGA-C--AK- -ER
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rrrrrr LTG- - QUPHMLSP V- -ESHE - YNA- VIl VK- - ES-
M LTL ED-PHLIMP V- - -PK-ATRA- AWALQ- -CA-
--I1--LKL-ND-AHLLTE V- -EPKRAL-A-QYILC- ER
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F1G. 6. Partial alignment of FtsK protein sequences showing an & -9 aa insert that is commonly shared by Bucteroidetes and Ch. repicdum. Additional ahbreviations:

., Deinococens: ., Haemophilus.

FisK is a4 muliifunctional protein that plays a central role in
cell division and chromosome segregation in bacteria (Espeli,
Lee. & Marians 2003; Capiaux, Lesterlin, Perals et al. 2002).
During the cell division process, this protein resides at the septal
ring and is required for resolution of chromosome dimers. We
have identified an 8—9 aa insert in a conserved region of the FtsK
protein that is only found in various Bacteroidetes homologs and
Ch. tepiclum but is not present in any other bacteria (Figure 6).
The presence of this commonly shared signature thus indicates
a specific relationship between these bacteria exclusive of all
others. A close and specific affinity of the species belonging
to these groups is also clearly evident in a phylogenetic tree
based on FisK protein sequences (Figure 7). In this tree, Ch.
tepidum Tormed the outgroup of the Bacteroidetes group and
this close and specific relationship was strongly supported by
the bootstrap score (34 out of [00). The identified insert in the
FisK protein was thos likely introduced in a common ancestor
of these bacteria as marked by an arrow in Figure 7.

Another signature sequence showing a specific relationship
between the Bacteroidetes and the Chiorobi is present in the
UwvrB protein. The UvrABC nucleotide excision repair complex

is responstble for removal of a wide variety ol genctic lesions
from DNA (Verhoeven, Wyman, Moolenaar et al. 2002). The
UvrB protein plays a central role in this process by recognizing
DNA damage. We have identified a 1 aa insert in a conserved
region of UvrB that is uniquely shared by Buctervidetes species
and Ch. tepidm but not found in any other bacteria (Figure 8).
Similar 1o the signatures in ATP synthase (¢) and FisK proteins,
the insert in UvrB was likely introduced in a common ancestor
of Bacteroidetes and Chlorobi pointing to a specific relationship
between these groups.

SIGNATURE SEQUENCES UNIQUELY SHARED BY THE
BACTEROIDETES, CHLOROBI, AND FIBROBACTERES
The phylum Fibrobacteres (Class—Fibrobacters, Order—
Fibrobacterales; Family—Fibrobacteraceae) consists of a sin-
gle genus Fibrobucter with only two typed species viz. F. sue-
cinogenes and F intestinaliy (Garrity & Holt 2001; Cole, Chai,
Marsh et al. 2003). Based on its physiological characteristics
(e.g.. ability to digest complex carbohydrates such as
cellulose), F. succinogenes was originally known as Bacteroides
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FIG. 7. A neighbor-joining phylogenetic tree based on FisK protein sequences. The tree is based on 316 aligned positions, which did net include any indels.
The bootstrap scores =50 are indicated, The arrow marks the evolutionary stages where the identified signature in this protein was likely introduced.

succinogenes (Hungate 1950). However, subsequent studies
based on 168 rRNA has led to its placement in a separate genus
and phylum (Garrity & Holt 2001; Amann, Lin, Key et al. 1992;
Montgomery, Flesher, & Stahl 1988; Cole, Chai, Marsh et al.
2003), Nevertheless, in phylogenetic trees based on 165 rRNA,
the Cirlorobi and the CFB-division of bacteria are indicated
as some of the closest relatives of Fibrobacter species (Olsen.
Woese, & Overbeek 1994; Corsaro, Valassing, & Venditt 2003),
In an carlier study based on signature sequences, F. succinogenes
was found to branch in a similar position as the Chlamydiae and
the CFB-divisions of bacteria, supporting its close relationships
10 the CFB-group {Grittiths & Gupta 2001}, However, a specilic
relationship of Fibrobacrer 1othe Chlorobi and the Bacteroidetes
based on any uniquely shared molecular or other characteristic
has not yet been demonstraled. The following sections describe a
number of protein signatures that provide evidence to this effect.

The core subunits of the RNA polymerase (RNAP) (ie., v, B
and A’) are evolutionarily conserved in sequence, structure, and
function in all species ranging trom bacteria to humans (Klenk
& Zillig 1994; Olsen & Woese 1997), In the 8 subunit of RNAP
(i.e., RpoC), we have identified a 5-7 aa insert in a highly con-
served region that is commonly present in various Bacteroidetes

species, Ch. tepidum as well as F succinogenes (Figure 9). This
insertis not tound in the RpoC homologs trom any other bacteria
{or from other domains), although the corresponding protein is
present in every species examined to date. A phylogenetic tree
was also constructed based on RpoC sequences (Figure ().
The alignment used for these studies included only those parts
which could be aligned without ambiguity and all sequence
gaps, including the signature region, were excluded. In the tree
bused on RpoC sequences all of the main groups within Bacreria
viz. Proteobacteria, Deinococcus-Thermus, Chlamydiae, Spiro-
chetes, Actinobacteria, and Firmicutes were resolved with high
bootstrap scores. The Bacteroidetes species also formed amono-
phyletic clade grouping together in all 100 bootstraps. How-
ever, of particular interest in the present context is the fact that
Ch. tepidum comprised the outgroup of the Bacteroidetes clade
and F suceinogenes formed the outgroup of the Bacteroidetes-
Chlorobi clade. Both these relationships were again strongly
supported by the bootstrap values (97 of 100 for both). Thus,
a specilic relationship among Bacteroidetes, Chlorobi, and Fi-
hrobacteres as indicated by the shared presence of the unique
insert was strongly aftirmed by phylogenetic analysis. The iden-
tified insert in the RpoC protein thus was likely introduced in



134 R. 8. GUPTA
107 —/ 146
rGyt. hutehinsonii 23137837 IEKDLAINQE IFKLRLSATSSLMS |RHD]]VVAS‘JSCIYG
. Bact. thetalotaomicron 20345980 - ------- D-D----A-----L VI-K-W--S -------
Bacteriodetes Pre. intermedla TIGR246918 . ...... DD VooLo|-[-Kvo-o-se-
and Chlorobi Tan. forsythensis TIGR203275 M. -E--D----R-A--L-|- |- ¥---§---oL
Por. gingivalis 34540208 M---A. oo R-GA-CL- |- |-KeVL- S L
L¢p. tepidum 21674365 Ao K--D---R --R--A-L || Neveise s
Fib. succinogenes T1GR59374 A5--0--D- --R--AN-LTLD ..oy
~E. coll 21563263 ASV-EH--QM- - - - - KAMLE WV A--
Pas. multocida 15602294 AS--DQ--GM--- - - K FLE ST A
X. fastldiosa 9105897 S8--EY. QM- -A- KA L “8eVL---T A -
Cox. burpetii 20653858 ----AS--DH- -QM- KALTF -H-T-IL-T -A
Nit, eurgpaea 30248789 $5- -EH- -QM- K- -LE CE-A-L--T- -
| Mei. meningitidis 2909345 +-+S - EH--QM--- - - KN--T  -N-V-T--T--A--
| Ral. solanacearum 21542280 ----8SV.EH--OM-----K- . LE S-WVL T AL
{ Bru. melitensis 17986784 --ESS- -EQ-DRM-H- - -RA-LE -D-V-1--
Pmteobacteria | Meso. loti 13472362 --ESS- -EQ-DAM-H- - -R- -LE -D-v-IL--
| ¢. crescentus 16127211 ©--88--CQ-DAM-H- - -RAILE  -D-V----
| Ri. prowazekii 15604076 --88--EQ-DLM-H---R--LE  ---¥- I5. ...--
| Des. desulfuricans 23474661 --85--DN-D-- -HA -HA-LT B B
| Gec. metallireducans 23055949 §5..D--D---HA- -R- LT V-1 e
| Hel. pylory 2314265 88 -DDL-R------ T--LG  YD-v- 1 AN
L camp. jejuni 6968137 ---8ST-EDL-R------ AL YE-VVCI-- . -AN-
r Pirellula sp. 32475348 5$--E--DR- -AT-.--¥ VYI----- 5
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FI1G, 8. Partial alignment of UveB protein sequences showing o L aa imsert that is commonly shared by Bacteroidetes and Ch. repicdun, but not tound in any other

group of bacteria. New abbreviations: Ther., Therms, Tricho., Trichodesiivm.

a common ancestor of these groups as marked by the arrow
(Figure 10).

Another signature showing a specific relationship among
Buctervidetes, Chiorobi, and Fibrobacteres has been identified
in the protein serine hydroxymethyltransferase (SHMT). SHMT
catalyzes the reversible imerconversion of serine and glycine
by transferring the hydroxymethyl group of L-Ser o 5.6,7.8-
tetrahydrofolate to yield  Gly  and  5,10-methylene-
tetrahydorfolate (Fu, Boja, Safo et al. 2003). This rcaction is
the major source of single-carbon groups required for the syn-
thesis of purine, thymidylate, and methionine. The homologs
of SHMT are present in all main groups of bacteria. The align-
ment of SHMT homologs has led to identification of u 13-16 aa
insert in a conserved region that is uniquely shared by the Bac-
tervidetes, Chlorobi, and Fibrobacteres species, but not found in
any other groups of bacteria (Figure 11). Similar to the insert in
RpoC, this insert was likely introduced in a common ancestor of
these groups, exclusive of all other bacteria. These signatures

provide evidence that the Fibrbacteres, Chlforobi. and Bac-
rervidetes groups (the FCB group) ol bacteria are specifically
related o each other.

BRANCHING ORDER OF THE FCB GROUP RELATIVE
TO OTHER BACTERIAL DIVISIONS

A central aspect of understanding the evolutionary relation-
ships among Bucteria is to know how different main divisions
or phyla are related to cach other and in what order have they
branched off from a common ancestor (Gupta & Grittiths 2002,
Gupta 2002} In phylogencetic trees based on 165 rRNA or vari-
ous other molecules, this eritical aspect of bacterial phylogeny is
not resolved (Ludwig & Klenk 2001; Luding & Schleifer 1999).
Consequently. it is presently believed that all main phyla within
Bacteria have evolved at about the same time from a common an-
cestor {Ludwig & Klenk 2001; Hugenholtz, Pitulle, Hershberger
et al. 1998: Doolittle 1999). However., in our recent work, a new
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FIG. 9.
und Fibrobacter species, but not found in any uther bacleria.

approach has been described involving the use of main line sig-
natures to deduce the branching order of ditferent groups froma
common ancestor (Gupta & Griffiths 2002; Gupta 2001, 2002,
2003). Unlike group-specitic signatures, main linc signatures
are shared by several major groups of bacteria and they are in-
terpreted (o have been introduced al mujor branch-points during
the course of evolution (Gupla 1998; Gupta & Grifliths 2002).
Once a main line signature has been introduced at a critical
branch-point. all groups evolving after that will comtain the in-
del, whereas all groups existing priorto it, or those which did not
evolve from this ancestor, will not possess the indel. Thus, based
on the prescnce or absence of various main line signatures in
different groups. their relative branching orders from a common

Partial alignment of RNA polymerase £ (RpoC) subunit seyuences showing i 6=7 aw insert (boxed) that is distinetive of the Bacteroideres, Ch. tepidim,

ancestor can be logically deduced. In carlicr work, a large num-
ber of main line signatures have been described that are helpiul
in determining the branching order of different groups (Gupta
1998, 2000, 2001, 2003; Gupta & Griffiths 2002). Based on the
distribution patterns of these signatures, the inferred branching
orders of the ditferent main groups is as shown in Figure 12. The
signatures on which this model is based, have been described
in previous work and the observed pattern is strongly supported
by the predicted and observed distribution of various signatures
in different genomes (Gupta 1998, 2000, 2001, 2002; Gupta &
Grilfiths 2002). The results for a few of the main line signatures
that are particularly relevant in the present context are discussed
in the following sections.
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FIG. 10, A neighbor-joining phylogentic tree for RpoC protein sequences. The tree is based on 475 aligned positions, which excluded all indels, The bootstrap
scores =30 are indicated, The arrow marks the evolutionary stages where the identificd signature was likely introduced,

Alunyl-tRNA synthetase (AlaRS) is an essential protein re-
quired for protein synthesis, which is present in all bacterial
genomes as well as in Archaea and eukaryotes. In AlaRS, a4 aa
indel is present in a conserved region which is commonly shared
by all homelogs Irom Proteobacteria, Chlamydiae. Aquificales.
and the FCB group of bacteria, butitis not found in any homolog
from other groups of bacteria including Spirochetes, Cyvanobac-
teria, Chloroflexi, Deinococcus-Thermus, Thermotogae, Firmi-
cutes, and Actinobacteria (Figure 13) (Gupta & Griffiths 2002;
Gupta 2003; Griffiths & Gupta 2004a). Since this indel is also
not present in any archael homoelogs, based on the rooting of the
prokaryolic tree between Archaea and Bacteria (Gupta 1998;
[wabe, Kuma, Hasegawa et ul. 1989; Woese, Kandler, & Wheelis
1990, Brown & Doolittle 1995; Klenk, Meier, Durovic et al.
1999} it can be inferred that the bacterial groups Tacking this in-

del are ancestral. Therefore, this insert was likely introduced in
a common ancestor of the Proteohacteria, Chlamydiae, Aquif-
icales, and the FCB group of bacteria, after the branching of
other groups as shown in Figure 12, Another prominent sig-
nature (a large insert of approximately 120 aa) showing exactly
the same type of distribution and marking the same branch-point
as seen for AlaRS, is present in the RNA polymerase A subunit
(RpoB) {Gupta 2003; Klenk, Meier, Durovic et al. 1999). An ad-
ditional useful signature in the present context is found present
in the enzyme inorganic pyrophosphatase (PPiPase). This pro-
tein contains a 2 aa insert in a conserved region that is commonly
shared by different proteobacteria and the Aguificales group of
species, but is not found in Chlamydiae,FCB group of bacte-
ria, or any other bacterial phyla (Figure 14) (Grilfiths & Gupta
2004u). This signature provides evidence that the Chlamydiae
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FIG. 11. Partial alignment of Serine hydroxymethyltransferase (SHMT) sequences showing s 14-16 aa insert (boxed) that is uniquely shared by the Bacteroidetes,

Ch. tepidim. and Fibrobacter species, but not present in any other bacteria.

and the FCB groups of bacteria have branched off prior to the
divergence of Aguificales and different groups of Protcobacteria
(see Figure 12), Signatures sequences in a number of other pro-
teins (e.g.. Hsp70 and CTP synthase), provide evidence that the
Aquificaies have diverged prior to the different divisions of Pro-
teobacteria (Gupta 2000, 2003; Gupta & Griffiths 2002; Griffiths
& Gupta 2004a). The results of various signatures strongly in-
dicate that the FCB group of bacteria have diverged at a similar
time as the Chlamydiae group and their branching position rela-
tive (o the other bacteriad phyla is as shown in Figure 12 (Gritfiths
& Gupta 2001; Gupta 2003). One surprising aspect of the branch-
ing pattern shown in this figure is the late divergence of the order
Aquificates. This is unexpected in view of the deep branching
of Aguifex seen in the rRNA trees (Garrity & Holt 2001; Olsen,
Woese, & Overbeek 1994 Olsen & Woese 1993; Cole, Chai,
Marsh et al. 2003). However, as Reysenbach has noted in the
recent Bergey's manual (Reysenbach 2001), the branching po-
sition of Aguificales is highly variable in phylogenctic trees and
it cannot be reliably resolved by this appreach. In contrast, the
placement of the Aguificales in the position denoted by the sig-
nature sequence model is consistently and strongly supported
hy signature sequences in atl of the studied proteins (Griffiths
& Gupta 2004a).

CONCLUSIONS

This article describes protein signatures and phylogenetic
studies based on many highly conserved proteins which serve to
clarify the evolutionary relationships among the Fibrobacteres,
Chlorobi. and Bacteroidetes (FCBY groups ol bacteria, as well
as their relationships to other bacteria. The FCB group of species
are presently indicated to form three main phyla within Bacte-
ria (Garrity & Holt 2001; Cole, Chai, Marsh et al. 2003). How-
ever, the criteria for distinguishing the main phyla have nol been
clearly described (Ludwig & Klenk 2001 Woese, Stackebrandt,
Macke et al. 1985; Brenner, Staley, & Krieg 2001). In 165 rRNA
trees, upon which bacterial phylogeny is presently based, these
groups of species consistently branch within close proximity of
one another and they generally exhibit sister-group relationships
(Gherna & Woese 1992; Paster, Dewhrist, Olsen et al. 1994;
Hugenholtz, Pitulle, Hershberger et al. 1998; Olsen, Woese, &
Overbeek 1994: Olsen & Woese 1993). However, based on their
branching in phylogenetic trees, which is dependent upon a large
number of variables, it has not been possible to discern whether
these groups were specifically related to each other or distinet
from each other (Ludwig & Klenk 2001; Hugenholtz, Pitulle,
Hershberger et al. 1998; Olsen, Woese, & Qverbeek 1994; Cole,
Chai, Marsh et al. 2003). Of these. the Bacteroidetes group is



138

R. S GUPTA

Bacteroidetes
Flavobacteria
& Bacterowdes
d_i-
LN
™
o .
\ Inseris in SecA
and Gyruse B
S
e
0P .
Chlorobi—__ ¥ = &
— ¢ 8
‘-?.. q
&

[nseris in Fesk, UveR
and ATP synthase a

-l

s &
g &
§ 3
P
[ &
i &
x O

A
<
$Q
[

Inserts in SerMel and
HNA polymerase [

Inserts in CTP Synthasc and Hsp7l)

Insert in Lnorganic
pyrophosphatase

[nserts in AlaRS
and RNA Poymerase p
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very large (3000 specices), while the other two in comparison
are quite small, and of these the Fibrobacteres phylum is made
up of only two-typed species (Garrity & Holt 2001; Cote, Chai,
Marsh et al. 2003) In discerning the evolutionary relationship
among these groups, one ol the main problems that had to be
faced was that there were no molecular, physiological, or phe-
nolypic criteria available by which species belonging to these
groups could be clearly distinguished from all other groups, and
which could aid in clarifying their relationships to other groups
of bacteria.

The protein signatures described in this review provide new
and powerful means both for defining these groups of species
in clear molecular terms and for elucidating their evolutionary
relationships. Bacterial species belonging to the Bacteroidetes
phylum are highly divergent in terms of their biochemical, phys-
iological, and phenotypic characteristics, because of which the
taxonomic classification or definition of this group of bacte-
ria has proven particularly difficult (Shah 1992a, b; Holmes
1992; Reichenbach 1992), In this context, the conserved inserts
in GyrB and SecA proteins that are characteristics of the Bae-
teroidetes provide molecular markers that can be used o define

this phylum and for placement of new species into this group.
The sequence information for GyrB is available from a large
number of Bacteroidetes species (> 100) covering all main or-
ders and families with this group (Table 1), and all of these are
found to contain the signature. Thus, this signature is a highly re-
liable molecular characteristic of the Bacteroidetes phylum. For
the SecA signature, only limited sequence information is avail-
able at present, but it does include representative species from
a number of different orders and families within Bacteroidetes.
Thus, this signature is also likely to be a distinctive characteristic
of the entire group.

Three different protein signatures described here viz, FisK,
UvrB, und ATP synthase («) are uniquely shared by the Bue-
teroidetes species und Ch. repidum. 1o phylogenctic trees bused
on these proteins, Ch. tepidum torms the outgroup of the Bac-
terofdetes phylum and a clade comprising of these two groups
is strongly supported by bootstrap scores. A close relationship
between Chiorobiim and the CI¥B group of bacteria is also ob-
served in the rRNA and other protein wrees (Hugenholty, Pitulle,
Hershbergeretal. 1998, Olsen, Woese, & Overbeek 1994: Olsen
& Woese 1993; Gruber, Eisen, Gish et al. 1998; Gupta, Mukhtar,
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FIG. 13,

Partial alignment of Alunyl IRNA synthelase sequences showing a 4 aqn insert (boxed) that is commonly shared by various Proteobacteria, Chlamydiae,

FCR group of bacteria and Agquifieades species, bul not found in any other bacteria. This insertis also not found inany archacal homologs and it was likely introduced

in a common ancestor of the above bacterial groups after the branching of Spirochetes, Cyanobucteria, Chloroflexi, Deinvcoccus-Thermus, Thermotogae, Firnicutes,

and Actinobacieria. Another large insert showing similar species distribution is present in the RNA polymera

& Singh 1999). These observations provide strong evidence that
these two groups are specifically related to each other and the
identitied signatures were introduced in a common ancestor of
these two groups exclusive of other bacteria.

Lastly, the signatures in RpoC and SHMT protcins, which
arc commonly shared by the Bacteroidetes, Chlorobium, and Fi-
brobacteres species, provide evidence that these groups shared
a common ancestor exclusive of all others. A clade comprising
of these groups of species is also strongly supported by phylo-

¢ A subunit (Gupta 2003; Griffiths and Gupta 2004a).

genetic analysis based on the above proteins as well as others.
A closer affinity of the Fibrobacteres to the Chlorobi and the
CEB-division ol bacteria is also seen in the 168 rRNA trees
(Olsen, Woese, & Overbeek 1994). Further evidence that these
groups ol bacteria are specifically related to each other is pro-
vided by the main line signatures in different proteins (Griffiths
and Gupta 2001). As noted earlier, u large number ol main line
signatures have been identiicd and their distribution patterns
enable one to deduce the relative branching order of the main
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FIG. 14, Partial alignment of [norganic pyrophosphatase sequences showing a 2 aa insert {(boxed) that is commonly shared by various Proteobacteria, and
Aguificates speeies, but not found in any other bacteria (Griffiths & Gupta 2004a). This insert was Likely introduced in i conumon ancestor of these bacteria after the
branching of Chkanivdive, FCB groups of bacteria, Spirochetes, Cyancbacteria, Chiovoflexi, Deinococeus-Thermus, Thermotagae, Firmicutes, and Actinobacteria,

groups of bacteria. The analyses of these signatures, some ex-
amples of which are given here. again provide evidence that the
species betonging to the above three groups branch in the same
position (Gupta 2001, 2003; Griffiths and Gupta 2001). Thus, a
close and specific relationship among these groups is strongly
supported by a large number of both group-specific and main
line signatures as well ax in different phylogenetic trees.

These observations raise the question whether these bacte-
ria should be placed in three independent main groups (viz.
Fibrobacteres, Chlorobi, and Bucteroidetes) as is being done
currently, or whether these organisms should all be placed in
a single phylum (viz. FCB). To my knowledge, no strong ar-

guments or rationales have been provided for the placement ol

these bactenia into distinct phyla. On the other hand, results
presented here strongly indicate that these bacteria are specifi-
cally related to each other and they should be placed in a sin-
gle phylum indicating their relationship. The resolution of this
issue requires a clear description of the criteria used for iden-
tification the main phyla and applying them uniformly in all
cases. As noted above, presently there are no specified criteria
for identifying the main bacterial phyla (Ludwig & Klenk 2001;
Woese. Stackebrandr, Macke et al. 1985: Brenner, Staley, &

Krieg 20013, which has given rise to the problem at hand. To ree-
tity this problem, based on our work with signature sequences,
we have suggested a precise definition for the main groups or
phyla within Bacteria. According to the definition that we have
suggested, the main bacterial phyla should correspond to the
major branches in the trees, each of which should be clearty dis-
tinct from the others in terms of its branching position as well as
group-specific signatures or characteristics (Gupta 2004}, 2002;
Gupta & Grithiths 2002), Based on these criteria, all of the main
groups shown in Figure 12, which have diverged from the main
bacterial stem at different times, and which can also be distin-
guished by group-specific signatures, (Gupta 2000; Griftiths &
Gupta 2002, 2004b; Gupta, Pereira, Chandrasekera et al. 2003)
qualily as the main group or phyla. This definition also suggests
that the presently recognized Proteobacterial phylum should be
divided into four main phyla, each of which can be clearly distin-
guished from the other based on their branching order as well as
group-specific signatures {Gupta 2000; Gupta & Grittiths 2002).
Applying these criteria to the FCB groups of bacteria, all of
which branch in the same position and form a monophyletic
group based on different signature sequences and phylogencetic
trees, indicate that they should all be placed in a single phylum
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and not three independent phyla, as is presently done, Within
this phylum, the species corresponding to these groups have
branched in the following order—Fifrobacteres — Chiorobi —
Bacteroidetes (Figure 12)—an inference strongly supported by
different signatures and phylogenetic trees. Further, based on
the main line signatures that have thus far been identified, the
FCB group branch in a sumilar position as the Chlamydiae. Al-
though Chlamydiae are distinct from the FCB group, based on
a large number of signatures {Griffiths & Gupta 2002) and their
unique life-cycle (Fields & Barnes 1992), in phylogenetic trees
based on 165 rRNA and various proteins, these groups of species
generally branch in close proximity to each other (Hugenholtz.,
Pitulle, Hershberger et al. 1998, Gupta, Mukhtar, & Singh 1999
Olsen, Woese, & Overbeek 1994; Olsen & Woese 1993 Graber,
Eisen, Gish ct al. 1998; Viale, Arakaki, Soncini et al. 1994).
Thus, it is possible that these two groups of bacteria may have
diverged from a common ancestor exclusive of the other bacle-
ria. In our proposal, we have suggested that the distinet groups
of bacteria branching in the same position (viz., FCB group and
Chlamydiae} should be tentatively regarded as subdivisions of
the same main branch or phylum (Gupta 2000, Grittith & Gupta
2002). However, if further studies clarify their relative branching
orders from the main stem, then these groups can be assigned to
distinct main phylun.
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