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ABSTRACT

Neighbor-joining, maximum-parsimony, minimum-evolution, maximum-likelihood and Bayesian trees

constructed based on 16S rDNA sequences of 181 type strains of Bacillus species and related taxa

manifested nine phylogenetic groups. The phylogenetic analysis showed that Bacillus was not a

monophyletic group. B. subtilis was in Group 1. Group 4, 6 and 8 respectively consisted of

thermophiles, halophilic or halotolerant bacilli and alkaliphilic bacilli. Group 2, 4 and 8 consisting of

Bacillus species and related genera demonstrated that the current taxonomic system did not agree well

with the 16S rDNA evolutionary trees. The position of Caryophanaceae and Planococcaceae in Group 2

suggested that they might be transferred into Bacillaceae, and the heterogeneity of Group 2 implied that

some Bacillus species in it might belong to several new genera. Group 9 was mainly comprised of the

genera (excluding Bacillus) of Bacillaceae, so some Bacillus species in Group 9: B. salarius, B.

qingdaonensis and B. thermcloacae might not belong to Bacillus. Four Bacillus species, B. schlegelii, B.

tusciae, B. edaphicus and B. mucilaginosus were clearly placed outside the nine groups.
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INTRODUCTION

In recent years, numerous new species of genus Bacillus
were reported and at the same time, many new genera of
Bacillaceae were established. According to List of
Prokaryotic names with Standing in Nomenclature (LPSN,

http://www.bacterio.net) (6), of more than 140 Bacillus

species, there were only 54 species reported before 2000; and

of more than 30 genera of Bacillaceae, only six genera were

established before 2000. Bacillus has long been regarded as a

phylogenetic  heterogeneous However, the

group (1)
phylogeny of the new Bacillus species and the new genera of
Bacillaceae have not been roundly studied.

Numerical classification based on a series of phenetic
characters was used for classification of 368 Bacillus strains
into 79 clusters (23). After 1990, 16S rDNA has been

successfully applied in determining phylogenetic
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relationships of the aerobic, endospore-forming bacteria,
which played an important role in the creation of several
families and genera of Bacillales (7).

Nowadays 16S rDNA is a vital standard for taxonomy of
the bacteria. Goto et al (9) used partial 16S rDNA sequence
for rapid identification of Bacillus species. Then Xu and Coté
(34) used 3’ end 16S rDNA and 5’ end 16S-23S ITS
nucleotide sequences to infer phylogenetic relationships
among Bacillus species and related genera. However, the two
phylogenetic trees from the above two papers did not seem to
be convincing because of less DNA sequences (69 and 40,
respectively) and short sequence lengths (1057 bp and 220
bp, respectively). Almost complete 16S rDNA sequences
with high quality from recently reported Bacillus species are
accessible in GenBank, which become ideal data for
phylogenetic analyses. Moreover, new softwares (25, 28)
executing Bayesian or ML algorithm (11) and personal
computer hardwares with high computing capability facilitate
further study on phylogeny.

The primary aim of the current investigation was to
establish phylogenetic relationships between Bacillus species
and related genera by reconstructing 16S rDNA phylogenetic

trees using several algorithms.

MATERIALS AND METHODS

Bacillus species, type species of the genera of
Bacillaceae and type species of some families in Bacillales
were selected for the phylogenetic study (LPSN updated date
September 04, 2007). The 16S rDNA sequences of the type
strains of the bacteria mentioned above were downloaded
from the GenBank. If several 16S rDNA sequences from the
type strain(s) of the same species were available, the longest
one with the least non-AGTC characters would be selected.
All the rectifiable ambiguous nucleotides in the selected

sequences were corrected according to the homologous

BLAST
rDNA

sequences

(http://130.14.29.110/BLAST/) and/or other

searched by
16S
sequences of the type strain(s).

Nucleotide sequence alignments were made using
ClustalX 1.83 (32) and optimized using Tune ClustalX (Hall
2004,
http://homepage.mac.com/barryghall/TuneClustalX.html) by
modifying multiple alignment parameters. Then Bioedit 7
(10) was used for refining the entire alignment by eye.
Calculations of pairwise 16S rDNA sequences similarity
were achieved using the EzTaxon server
(http://www.eztaxon.org/) (4). Escherichia coli was used as
the outgroup. The optimal models of nucleotide substitutions
were estimated by the program Modeltest 3.7 (22), using
hierarchical likelihood ratio tests (hLRT) and the Akaike
Information Criterion (AIC).

Neighbor-joining (NJ), maximum-parsimony (MP) and
minimum-evolution (ME) analyses were performed with
MEGA 4 (29). NJ and ME analyses were performed using the
maximum composite likelihood method and 1000 bootstrap
replications. Maximum likelihood (ML)-based phylogenetic
performed with RAXML-VI-HPC 4

(http://phylobench.vital-it.ch/raxml-bb/)

analyses were

using default
parameters (bootstrap=100). Bayesian trees were inferred
using MrBayes 3.1.2 (25) according to the MrBayes 3.1
Manual (2005). All the Markov chain Monte Carlo searches
were run with four chains for 4,300,000 generations, with
trees being sampled every 100 generations. The first 30000

trees were discarded as “burnin”, keeping only trees

generated well after those parameters stabilized.

RESULTS AND DISCUSSION
182 16S rDNA sequences were selected but the 16S

rDNA sequence of B. mycoides (AB021192) was identical to
that of B. weihenstephanensis (19 to 1531 bp of AB021199),
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so the former was omitted. TIN+I+G (30) and GTR (General
time reversible (31)) +I+G models were selected according
to hLRT and AIC of Modeltest 3.7, respectively. The
Bayesian tree (Fig. 1.) was inferred by the GTR+I+G model
while NJ (Fig. 2.) and ME (Fig. 3.) trees were inferred by the
TrN+I+G model (Gamma distribution shape parameter =
0.5854).

Although the phylogeny of some bacteria was different
among the trees (Fig.1. to Fig. 5.), the phylogeny of most
bacteria studied was consistent. Therefore, nine groups could
be set up from 181 taxa. Holder and Lewis (11) held that ML
and Bayesian approaches were more advantageous than NJ,
ME or MP methods, which was supported by the comparison
of the five evolutionary trees. The Bayesian analysis of the
16S rDNA data set (181 taxa, 1603 sites) yielded a tree that
supported with weak posterior probability (PP=0.5) the
monophyly of nine groups (Fig. 1a). In general, the supports
for the different groups were stronger in the Bayesian tree
than other trees. This was particularly noticeable for Group 6
(PP=1) and Group 7 (PP=0.98) (Fig. le). Only in Bayesian
tree were the supports (PP) for every group except Group 6
and Group 8 more than 0.5. We did not find any case where
the other trees provided much stronger supports than the
Bayesian tree for a given node in agreement with the general
trend observed in the comparisons among these measures of
statistical supports (16). The topology of the ML tree was
similar with that of the Bayesian tree and the bootstrap
supports of the ML tree were higher than those of NJ, ME or
MP trees.

The Bayesian tree demonstrated that Bacillus was not a
monophyletic group. The species in Group 4, 6 and 9 had
similarities in their respective phenotypes while the species in
other groups differed much in their phenotypes, which were
in agreement with the results of Goto et al. (9) and Xu and

Coté (34).

Phylogenetic relationships between Bacillus species

Stackebrandt and Swiderski (27) suggested Bacillus
RNA group 1 (1) should be divided into at least four
subgroups; while Fig. 1. demonstrated that the previous RNA
group 1 harbored Group 1, 2, 3 and 5. (Note Group 2 also
contained the previous RNA group 2). These four groups
constituted the core of Bacillus, which embraced
approximately 65% of the Bacillus species.

Group 1 (28 species) contained B. subtilis, the type
species of Bacillus, which was confirmed in other
phylogenetic trees (Fig. 1b). Group 2 could be clearly divided
into two clusters (Fig. Ic). B. cereus cluster included 14
Bacillus species (B. mycoides not shown in Fig. 1) while B.
insolitus cluster, i.e. Bacillus RNA group 2, contained nine
Bacillus species and seven other genera including non-spore-
forming Kurthia and Caryophanon. Stackebrandt and
Swiderski called this cluster “evolutionary enigma” and
“interesting taxonomic problem” (27). If this cluster were not
present, Group 1, 2, 3 and 5 would be united. The presence of
the complex heterogeneous cluster was consistent with the
results of Rheims et al. (24); La Duc et al. (13) and Zhang et
al. (37). The heterogeneity of the cluster implied that nine
Bacillus species might belong to several potential genera in
order to make classification consistent with phylogeny. For
example, B. insolitus and B. silvestris would have to be
described as novel genera (27).

Group 3 (32 species) contained more species than any
other groups (Fig. 1d), but it was not present in MP tree and
less supported in NJ or ME tree (bootstrap proportion,
BP<0.1). Group 5 was a minor group including eight species,
which was accommodated in Group 1 in the NJ or MP trees.
In the ME tree, Group 5 was closely related to Group 1 while
in the ML or Bayesian tree, it was related to Group 2. It
followed that Group 5 was an individual group that could not
be merged into Group 1 or 2.

Group 4 consisted of thermophilic bacteria (Fig. 1b). The

16S rDNA sequences of B. thermantarcticus and Geobacillus
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thermoglucosidasius ATCC 437427 (X60641) showed a
similarity of 98.3%. According to the temperature and pH
range suitable for growth and G + C content (17, 18), B.
thermantarcticus might be transferred to Geobacillus.
However, other four Bacillus species in this group, B.
methanolicus, B. aeolius, B. alveayuensis and B. smithii
could be obviously separated from Geobacillus by the low
16S rDNA similarities of 92%. The presence of this Group 4
was consistent with the rRNA group 5 (1).

Group 6 (18 species) (Fig. le) was composed of
halophilic or halotolerant Bacillus species except B. macyae
(26). The presence of this Group 6 was consistent with the
rRNA group 6 (19), which was also supported by the result of
Ghosh et al. (8). Group 7 (7 species) was entirely composed
of new published Bacillus species. The MP, ME and NJ trees
demonstrated the close relationship between Group 6 and 7,
but the two groups were entirely separated in the Bayesian or
ML tree (Fig. le, Fig. 5). Not all the species in Group 7 were
halotolerant except B. hwajinpoensis and B. decolorationis,
which were included in Group 6 according to Yoon et al.
(36). Nevertheless, our Bayesian tree and ML tree confirmed
the position of the two halotolerant species was in Group 7 in
agreement with the result of Nowlan et al. (21).

The 16S rDNA sequences of the type strains in Group 8
and 9, which had distinct insert sequences between 89 to 90
bp (B. subtilis AB042061 numbering), showed marked
differences from those in other groups. Group 8 consisted of
alkaliphilic and halotolerant bacteria (Fig. le) except that B.
mannanilyticus was not halotolerant (20). Caldalkalibacillus
thermarum was a thermophile and a peculiar member of
Group 8, of which the 16S rDNA showed similarity of less
than 92% to those of other Bacillus species in Group 8.
Group 9 mainly consisted of the genera (excluding Bacillus)
of Bacillaceae (Fig. 1f), but it had four Bacillus species: B.

taeanensis, B. salarius, B. qingdaonensis and B.

thermcloacae. The former three species were included in
Group 8 using NJ methods by Lim et al. (14, 15) and Wang
et al. (33), for the feasible reason that the authors did not use
enough 16S rDNA sequences of the type strains of Group 9
for phylogenetic analysis. Therefore, the taxonomic positions
of the four species were doubtful. The low 16S rDNA
similarities (less than 92.5%) between the latter three species
and their respective closest relatives in Bacillus suggested the
latter three species were worthy to be reclassified.

There were four Bacillus species outside the nine groups
in the 181 taxa phylogenetic trees (Fig. 1a). B. schlegelii and
B.  tusciae  were thermophilic and facultatively
chemolithoautotrophic bacteria with high G + C content of
the genome (2). Their 16S rDNA sequences respectively
showed a very low level of similarity (less than 90%) with
respect to other 180 sequences, which demonstrated that B.
schlegelii and B. tusciae might well belong to two as-yet-
undescribed new genera. This opinion showed agreement
with the views expressed by Stackebrandt and Swiderski (27)
who held that B. schlegelii, B. tusciae and B. thermcloacae
were potential new genera. B. edaphicus and B.
mucilaginosus were always clustered with Paenibacillus
polymyxa, and their relatively high 16S rDNA sequence
similarity values (96-97%) to the nearest relatives (P. elgii
and P. chinjuensis, respectively) indicated that B. edaphicus
and B. mucilaginosus might be transferred into Paenibacillus.
The facts mentioned above revealed that at least nine Bacillus
species (one in Group 4, four in Group 9 and four outside 9
groups) might not be really Bacillus species. Their
phylogenetic positions would not be determined pending
further polyphasic taxonomic studies.

In the NJ and ME trees, Ureibacillus, B. thermcloacae
and Exiguobacterium formed a clade with a bootstrap value
of less than 50%; while in the ML, MP and Bayesian trees,

Ureibacillus was in Group 2 and the latter two were in Group
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9, where their phylogenetic positions were supported by BP
or PP of more than 50%. The phylogeny of five species was
uncertain (Table 1). Low 16S rDNA sequences similarities
(<93%) were found between Sporolactobacillus inulinus and
other 181 taxa. S. inulinus showed scanty growth in air, was
(12), which

manifested different phenotypes from the species of Group 7

catalase-negative and not thermophilic
or Group 4. Moreover, in the Bayesian and ML trees, BP or
PP (both less than 0.5) could not ensure its position between
Group 7 and 9. B. infernus, B. thermoamylovorans, B.
coagulans and B. azotoformans were in their respective
groups of the Bayesian tree with PP of more than 0.5 but
their positions could not be supported by BP of less than 50%
in the NJ, ME, MP or ML tree. For example, the former three
thermophilic bacteria were included in Group 4 with BP of
less than 35%. Therefore, their positions in the Bayesian tree
were more credible. Originally, B. infernus was clustered

with B. methanolicus (3) and B. thermoamylovorans was

Table 1 Disputable positions of 5 species in 5 phylogenetic trees.

Phylogenetic relationships between Bacillus species

grouped with Geobacillus and Saccharococcus (5), but
bootstrap analyses were not done in the studies.

The evolutionary relationships among the nine groups
differed much in the five phylogenetic trees. However, it was
noteworthy that Group 8 was always an outlier of the other
eight groups. Because of relatively high PP of more than 0.5,
the phylogenetic relationships illustrated by the Bayesian
tree, which agreed well with the ML tree, were more
believable. In the five evolutionary trees, the phylogeny of
the genera in Bacillales did not conform to the current well-
known taxonomic system (7) (Table 2). The genera in
Bacillaceae except Bacillus were mainly in Group 9, 2 and 4,
while Vulcanibacillus was outside the nine groups,
suggesting that it should be removed from Bacillaceae.
Caryophanaceae and Planococcaceae (represented by
Kurthia) were clustered in Group 2, confirming the result of
Yoon et al. (35) and implying that they might be

accommodated in Bacillaceae.

Bayesian ML ME NJ MP
B. infernus Group 3 Group 3 Group 4 Group 3 Group 4
B. thermoamylovorans Group 4 Group 1 Group 4 Group 4 Group 1
B. coagulans Group 1 Group 1 Group 4 Group 4 Group 1
B. azotoformans Group 5 Group 2 Group 3 Group 3 Group 3
S. inulinus N* N* Group 7 Group 4 Group 7

a N, Not included in any group
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Table 2 The relationship between obtained Bacillus species phylogeny and the current taxonomy.

Group number

Composition

X 9 AN N B W N =

=)

Outside 9 groups

Bacillus
5 genus from Bacillaceae,l genus from Caryophanaceae, 1 genus from Planococcaceae

Bacillus

4 genus belong to Family Bacillaceae
Bacillus
Bacillus
Bacillus

Bacillus and Caldalkalibacillus (belong to Family Bacillaceae)
25 genus belong to Family Bacillaceae

2 genus from Alicyclobacillaceae, 4 genus from Paenibacillaceae, 2 genus from Bacillaceae

(@

Escherichia coli K12 MG1655 (LW00096)

|

a0

B. tuscise IFO 153127 (ABO42062)
Alicyclobacillus acidocaldarius ATCC 270097 {ABO42056)
Sulfobacillus thermosulfidoaxidans DSM 92937 [ AB089844)
100__g. schiegalii ATCC 437417 (AB042060)
a B. edaphicus VIKPM B-T517" (AB045093)

1]] B. mucilaginosus VKPM B-7519" (AB 045091
Paenibacilius polymyxa DSM 36" (AJ320493)
Thermobacillus xylaniyticus CNCM 110177 (AJ005795)

100 Aneurinibacillus aneurinilyticus DSM 55627 {AB101592)
Brevibacillus brevis DSM 30" (AB101593)
Vulcanibacilus modesticaldus DSM 149317 (AMO50346)

Eﬂpmmhhmﬂulm IFO 13535" (AB101585)
"2 Group 5

05 Group 2

3
bg EIl‘.in]unn 3
i Group 1
Group 4
=1 Group 9
Group 7
Group 6
Group 8
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(b)

88

|00 - B. coagulans ATCC 70507 (DQ297928)
34 Es. ginsengihumi DSM 18134" (AB245378)

0 B. aerius MTCC 73037 (AJ831843)
A

Phylogenetic relationships between Bacillus species

B. shackietonii LMG 18435" (AJ2503181

B. aerophilus MTCC 7304" (AJ831844)
B. stratasphericus MTCC 305" (AJ31841)

71 [s. amyloliguefacians NBRC 155357 (AB 255663

B. licheniformis DSM 13" (X68416)
—— B. sonoransis NRRL B-23154" (AF302118)

B. velezensis LMG 224787 (AY603658)

a0 10

B. atrophaeus JCM 90707 (ABO21181) (Sroup
I
0

100 - B. aleronius DSM 9356 (X82492)

T
3 S-‘l B. aquimaris KCCM 41589 P.M-ﬁ:‘lﬂi_l

B. pumilus DSM 27" (AY456263) 1
B. safensis ATCC BAA-1128" (AF234854)

B. akitudinis MTCC T3067 (AJB31842)

B. vallismortis DSM 110317 (AB021198)

B. subtilis |1AM 12118" (AB0O42061)

B. fequilensis ATCC BAA-819" (AY197613)
B. mojavensis IFO 157187 (ABO21191)

B. carboniphilus JCM 9731" (AB021182)

B. sporothermodurans DSM 10509" (U49078)
B. acidicols DSM 14745 { AF547209

B. vietnamen sis JCM 11124" (AB0997081
B. marsflavi KCCM 415887 (AF483624)
B. sechaeanensis DSM 1u14' (AYGET 495)
~ B. endophyfticus CIP 106778 (AF295302)

T

g
a0

E5

e

U0 8. humi LMG 221677 (AJB27210)

F -B. tharmantarcticus DSM 95727 (AJ493665)
Geobacillus stearathermophilus BGSC 9A20" (AY608928)
Saccharococcus thermophilus ATCC 431257 (X70430)
Anoxybacillus pushchinoensis DSM 12423" (AJ010478)
B. aeolius DSM 15084" (AJ504797)

B. alveayuensis KCTC 10634 {AYS05232)
B. smithi DSM 42167 (Z26935)

B. thermoamylovorans CNCM I-1378" (L27478)

B. mathanolicus NCIMB 13113" (X64465)

(Sroup
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(©

— B arofoformans DSM 10467 (DTE309)
EEE B. fastidiosus DSM 817 6061 5)

75 B. litoralis KCTC 3898" f.ﬂ.‘l"!-tl!ﬂ-ﬂﬂ-'l

(@)

+ B niabansis DSM AT7T23" (AYS98119) Sroup
0 - B ciiKCTC 38807 (AYS50276)

B. indicus MTCOC 43747 (AJS831581 =
B. idriansis SMC 4352-27 (AYS04033)

B. herbarstainansis DSM 165347 ( AJTBE1029

B. anthracis ATCC 14578" (AB190:21 7

B. thuring lonsis ATCC 107927 (AF290545)

B. weaihonstap hanonsis DSM 11824 7 (ABOZ21199)
B. careus LAM 126057 (D16266)

B. pseudomycoides NRIRIL B-617T" (AF013121)

B. fucifarensis LMG 184227 (A.0d19629)

B. funicwulus JCM 112017 (ABED2919:5)

B. panacitemrae KCTC 139207 (AB245380)

B. cohnii DSM 6307 { XT6437T)

B. flexus DSM 13207 (ABO21185)

B. megataricm LAM 13418" (D162ZT3)

B. koreensis DSM 16467" ( AYESTADEY

B. pyenus JSM 110757 (AF168531)

Kurfhis zopfF ATCC 334037 (MS8800)
Viridibacillus arvi LMG Z2165" (AJEZIT211)

B. decisifrondis JCM 13601 T (DH2465805)
Lysinibacifius boronitoferans DSM 1 71407 (AB199591)
B. massifiensis CIF 1084467 (AYSTT116)

Ureibacifus thermosphaericus DSM 106337 (X90640)
B. adyssey ATCC PTA-20937 {A.Fﬂﬂ-ﬂ a3)

B. silvestris LMG1 B9917 (A J0DE08E)

Carvophanon kv NCIMEB 95337 (X7031.4)

B. psychrodurans DSM 117137 (AIZTTo84)

B. pswychrofolerans DSM 117067 (AJZTTI83)

B. insoffus DKM 5" [ MEDE42Z)

Jeofgafbacilfus afmentarius JCM 10872" (AF281158)

Marinibacilus marinus DSM 12077 (ALZ3ITTO8)

B. bansoeworans MNCIMEB 125557 (20650611)
B. nealsonii ATCC BAA-519" (AFZI4863)
B. siralis NCIMEB 13601" (A FOT1856)
B. circulans ATCCS 45137 (AYT246590)
B. frrous A 124647 (| D168268)
B. infantis SMNCG 435247 (A0 S08032)
B. fordi LMG 220807 { A 44.50:39)
B. fortis LMG 220797 { AN 44303 8)
B. farraginis LMG 220817 (AYS43036)
B. badius ATCOC 14574 (T TTa0)
B. fanfus LA 1246867 (D1627 2
B. infernus DSM 40277 IUE20E85)
B. galactosidilyficus LMG 17T832" (A JS535638)
B. rurds LG 228667 (A0S535639
B. boroniphilus DSM 473767 (ABA198719)
(== B. salenatarsanaiis JOCM 143807 (AB2E62082)
100 B. fhioparans CECT T196" (D3 714341)
B joo tgali CUP 1071047 { AF221061)

s B. subferranceus DSM 13966" (AYET2638)

= by

B. foraminis LNMG 2341747 (A0717T3E2)
B. bataviansis LMG 218337 (A S£25008)

a9 B drentensis LMG 2418317 (A 1542 5006)
a4 B solff LMG 218387 (A)54251 3)
B nowalis LMG Z1837" (A S5.42512)

=1 a B. wiret LMG 21 834" [ ALS542500%
B. furmnariol LG 174897 (A)2500-56)
B. niacin DXSM 29237 (AE0:21194
B. pochasonansis Geoil 4207 ( AB2453TT)

B. asahif JCM 121127 [(AB1093209)

Sroup

EIBD B. muralis MG 20238" (A D28 748
1 B. simplex DSM 13247 (AS43I0TE)
B pspchros s ATCC 2320687 (ABOZ1195)
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(e)

100 —B. akyicola KMM 37377 (AY228462)
B. hwajinpoensis JCM 118077 (AF541966)
B. decolorationis LMG 19507T (AJ315075)
B. arsenicus DSM 158227 { AJS06T00) Group
B. barbaricus DSM 147307 (AJ422145) 7
B. macauensis DSM 172627 (AY373018)
B. gelatini LMG 218807 (AJ551329)
B. pseudafirmus DSM 8715 (XT6439)
100 B. gibsonii DSM 87227 (XT6446)

B. clausi DSM 8716" (XT6440)

[ao 100 B. patagoniensis DSM 161177 (AY258614)
1I:IP | E
0

B. ashimensis JCM 126637 (AB188090)
O o e ot (Avoase0T)
Mmacyae
100 [.B. arseniciselenatis DSM 15340 (AF084T05)
91BDEL|:B' okuhidensis JCM 109457 (ABOATE84) Group
“ | LB halodurans ATCC 275577 (AB021187)
100198 | _=—B. hemicelulosiyticus DSM 16731" { AB0O43846)
a0 ||:”l[5. pseudalcaliphius DSM 8725" (XT6449)
T B. alkcalophius DSM 435" (X76436)
10 I0UL g bogoriensis LMG 22234" (AY376312)

——B. akibai JCM 9157" (AB04:3858)
|E|El_[s. krulichize NCIMB 13904" (ABOSG89T)

B. wakoensis DSM 2521 (AB043851)

100
10

UL g okhensis JCM 130407 (DQO26060)
B B saliphilus DSM 15402" (AJ493660)
oI B. selenttimducens DSM 15326" (AF0B4704)

— B. agaradhaerens DSM 87217 (X76445)
1”'1{ B clarkii DSM 8720" (X76444)

B. cellulosilyticus DSM 25227 (AB043852) Group

B. vedderi DSM 9768" (248306} 5
EIE_[ B. horti JCM 9343" (D87035)

B. mannanilyficus DSM 161307 (AB043864)
1L — caldakatibacillus thermarum CGMCC 1.42427 (AY753654)

Ba
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®

10 Safimicrobium halophilus DSM 477" (AJ243920)

| Halobacillus halophius NCIMB 2269" (X62174)
Thalassobacillus devorans DSM 169668 ( AJT17299)
Halolactibacillus halophius DSM 17073" (AB196783)

827’1 Paraliobacillus ryukyuensis DSM 151407 (AB0ST828)

. Amphibacilus xylanus DSM 6626" {AJ496807)
Gracilibacillus halotolerans DSM 11805" (AF038922)

L Cerasibacillis quisquiliarum DSM 158257 (AB107894)

9%l Lentibacillus saficampi JCM 11462" (AY057394)
| Vinyibacillus pantothen icus IAM 081" (D16275)
Omithinibacillus bavariensis WSBC 240017 (Y13066)
53 B tharmocloacae DSM 52507 (Z26939)
Paucisalibacilus globulus LMG 231487 (AM114102)
-mll 00l Temibacillus saccharophilus IAM 153097 (AB243845)
Pelagibacillus goriensis DSM 18252 (DQ519571)
Oceanabacillus iheyensis JCM 11309" (NC_004193)
1008 gingdaonensis JCM 140877 (DQ115802)
| B. salarius DSM 16461 (AYS6T494)
Salsuginibacillus kocurii CH9d" (AMA492160]

|00 J— Filobacillus milosensis DSM 132597 (AJ238042)

100 Tanuibacilius muktivorans AS 1.34427 (AY319933)
Piscibacillus safpiscarius JCM 131887 (AB194046)

. Alkalibacillus haloalkaliphius DSM 52717 (AJ238041)
Halalkalibacillus halophius DSM 18494" (AB264529)

100~ Pontibacillus chungwhensis KCTC 3890 (AY553296)

Salinibacillus aidingensis AS 1.3565" (AY321436)
B. taeanensis DSM 16466" (AYS03978)
Exiguobacterium aurantiacum DSM 62087 (DQ019166)

Figure 1. Bayesian cladistic tree constructed with the 16S rDNA sequences of the type strains of Bacillus species and related

genera (181 taxa, 1603 sites; GTR+I+G plus covarion model) demonstrating 9 groups (a), and the species in every group were

illustrated as (b) Group 1 and 4, (c) Group 2 and 5, (d) Group 3, (e) Group 6, 7 and 8, and (f) Group 9. Bootstrap confidence

levels greater than 50% are indicated at the internodes.
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Figure 2. 16S rDNA neighbor-joining tree (based on 1000 bootstrap replications). The differences in the composition bias
among sequences were considered in evolutionary comparisons. Alignment gaps and missing data were eliminated in pairwise

sequence comparisons. Bar, 0.05 changes per nucleotide position.
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Figure 3. 16S rDNA minimum evolution tree (based on 1000 bootstrap replications). The tree was searched using the Close-

Neighbor-Interchange algorithm at a search level of 2. The differences in the composition bias among sequences were

considered in evolutionary comparisons. Alignment gaps and missing data were eliminated in pairwise sequence comparisons.

Bar, 0.05 changes per nucleotide position.
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replications) was obtained using the Close-Neighbor-Interchange algorithm with search level 3 in which the initial trees were

obtained with the random addition of sequences (10 replicates). All alignment gaps were treated as missing data. Escherichia
coli was used as the outgroup.
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Figure 5. 16S rDNA maximum likelihood tree (based on 100 bootstrap replications). The tree was searched using RAXML-VI-
HPC version 4.0.0 (Stamatakis, 2007). RAXML executed 100 rapid bootstrap inferences and thereafter a thorough ML search
with GTR model of nucleotide substitution. All free model parameters was estimated by RaxML. Bar, 0.01 change per

nucleotide position.
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RESUMO

Relagdes filogenéticas entre espécies de Bacillus e géneros

relacionados baseadas em sequencias 16S rDNA

Arvores utilizando os métodos de neighbor-joining,

maxima  parcimoOnia, evolugdo  minima, maxima

verossimilhanca e bayesiana, construidas baseadas em
seqiiéncias de rDNA 16S de 181 linhagens-tipo de espécies
de Bacillus e taxa relacionados, mostraram a formagdo de
nove grupos filogenéticos. A analise filogenética mostrou que
Bacillus ndo ¢ um grupo monofilético. B. subtilis se colocou
no Grupo 1. Grupos 4, 6 e 8, respectivamente, consistiram de
bacilos termofilicos, halofilicos ou halotolerantes e
alcalifilicos. Grupos 2, 4 e 8 consistindo de espécies de
Bacillus e géneros relacionados demonstraram que o sistema
taxondmico corrente ndo concorda perfeitamente com as
arvores evolucionarias por rDNA 16S. A posigdo de
Caryophanaceae e Planococcaceae no Grupo 2 sugere que
estes podem ser transferidos para Bacillaceae, e a
heterogeneidade do Grupo 2 implica em que algumas
espécies de Bacillus neste grupo podem pertencer a varios
novos géneros. O Grupo 9 foi principalmente composto de
géneros de Bacillaceae (excluindo Bacillus), portanto
algumas espécies de Bacillus no Grupo 9: B. salarius, B.
qingdaonensis e B. thermcloacae podem ndo pertencer a

Bacillus. Quatro espécies de Bacillus, B. schlegelii, B.

Phylogenetic relationships between Bacillus species

tusciae, B. edaphicus e B. mucilaginosus foram claramente

colocadas fora dos nove grupos.

Palavras-chave: filogenia de Bacillus, inferéncia Bayesiana,

arvores evolucionarias, 16S rDNA
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