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Bacterial  classification  at higher  taxonomic  ranks  such  as the  order  and  family  levels is currently  reliant
on phylogenetic  analysis  of 16S  rRNA  and the  presence  of shared  phenotypic  characteristics.  However,
these  may  not  be reflective  of  the  true  genotypic  and  phenotypic  relationships  of  taxa.  This is  evident  in
the  order  Bacillales,  members  of  which  are  defined  as  aerobic,  spore-forming  and  rod-shaped  bacteria.
However,  some  taxa  are  anaerobic,  asporogenic  and coccoid.  16S  rRNA  gene  phylogeny  is also  unable
to  elucidate  the taxonomic  positions  of  several  families  incertae  sedis  within  this  order.  Whole  genome-
based  phylogenetic  approaches  may  provide  a more  accurate  means  to resolve  higher  taxonomic  levels. A
suite  of  phylogenomic  approaches  were  applied  to  re-evaluate  the  taxonomy  of  80  representative  taxa  of
eight  families  (and six family  incertae  sedis  taxa)  within  the  order  Bacillales.  This  showed  several  anoma-
hylogenomics
6S rRNA gene
ore protein phylogeny

lies  in the  current  family  and  order  level  classifications  including  the  existence  of  four  Bacillaceae  and
two  Paenibacillaceae  “family”  clades.  Furthermore,  the families  Staphylococcaceae  and  Listeriaceae  belong
to the  sister  order  Lactobacillales.  Finally,  we propose  a consensus  phylogenomic  approach  which  may
diminish  algorithmic  biases  associated  with  single  approaches  and  facilitate  more  accurate  classification
of  a  broad  range  of taxa  at the higher  taxonomic  levels.

© 2018  Elsevier  GmbH.  All  rights  reserved.
ntroduction

With its inception in 1872 [1], the genus Bacillus became a verita-
le “dumping ground” for aerobic, endospore-forming bacteria. The
ubsequent development of enhanced taxonomic methodologies,
ncluding morphological, physiological, chemical and molecular
pproaches, resulted in considerable taxonomic changes, with
he development of novel genera, families and higher rank tax-
nomic delineations to incorporate members of this genus and
ovel isolates of aerobic endospore-forming bacilli [2,3]. As such,
he order Bacillales was proposed and subsequently validated on
he basis of 16S rRNA gene sequence analysis [3–5]. Members of
his order display a cosmopolitan functional and habitat distribu-
ion, including high temperature, extremely acidic, alkaline and
ypersaline environments and incorporate clinical pathogens and

trains of biotechnological value. One of the few consistent fea-
ures of members of this order is the ability to form endospores,
lthough exceptions do exist [4]. The order Bacillales currently

∗ Corresponding author.
E-mail addresses: pieter.demaayer@wits.ac.za (P.D. Maayer),

abibu.Aliqyu@partner.kit.edu (H. Aliyu), Don.Cowan@up.ac.za (D.A. Cowan).

ttps://doi.org/10.1016/j.syapm.2018.10.007
723-2020/© 2018 Elsevier GmbH. All rights reserved.
comprises nine distinct families, Alicyclobacillaceae,  Bacillaceae,
Listeriaceae, Paenibacillaceae, Pasteuriaceae,  Planococcaceae,  Sporo-
lactobacillaceae, Staphylococcaceae and Thermoactinomycetaceae,
which incorporate a total of 133 genera. The largest of these is
the family Bacillaceae, which includes 64 distinct genera [4,6]. In
addition, nine genera have been re-classified as families incertae
sedis to reflect their ambiguous taxonomic delineation [4,6]. In
Bergey’s Manual of Systematic Bacteriology Revised roadmap of
the phylum Firmicutes, phylogenetic analysis on the basis of 16S
rRNA gene sequences highlighted a number of discrepancies in the
existing taxonomic scheme, with several of the families within the
order Bacillales (e.g. Bacillaceae, Paenibacillaceae, Thermoactinomyc-
etaceae) forming several distinct clades within the 16S rRNA gene
phylogeny [4].

The poor resolving power at lower taxonomic levels, sequenc-
ing error, anomalies in sequences deposited in public nucleotide
databases and the existence of multiple and often disparate copies
in a single genome, have together sparked debate on the use
of 16S rRNA gene sequences as a single marker for taxonomic

delineation [7,8]. However, given the paucity of comprehensive
datasets of alternative taxonomic markers for polyphasic taxo-
nomic approaches, 16S rRNA analysis remains the gold standard
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or higher level taxon delineation [4]. The development of next
eneration DNA sequencing technologies have led to a significant
ncrease in the quantity and quality of sequence data at a greatly
educed cost [9]. The ability to utilise these improved technolo-
ies to sequence complete genomes has, more recently, led to their
se for taxonomic delineation. Comparisons of genome sequences
llows the establishment of a set of conserved core genes or pro-
eins which can be used to define evolutionary relationships [10]. A
ubset of these proteins, the ribosomal biogenesis and maintenance
roteins (RP), can also be extracted from the genome and used to
onstruct phylogenies with far greater taxonomic resolution than
s achievable using single gene phylogenies [11]. Furthermore, sev-
ral phylogenomic metrics have been developed, such as average
ucleotide identity (ANI) and average amino acid identity (AAI) val-
es, digital DNA–DNA hybridization (dDDH) and tetranucleotide
ignature frequency correlation coefficient (TETRA) values. These
hylogenomic metrics have been shown to correlate well with

aboratory-based DNA–DNA hybridization (DDH) analyses which
orm the basis of valid species circumscription, with 95–96% ANI,
0% AAI, 70% dDDH values and 0.99 TETRA values approximat-

ng the wet-lab DDH species boundary value of 70% [12–14]. In
ontrast to laboratory-based DDH approaches, these tools provide
ighly reproducible results which can be readily validated by other
esearchers [15]. However, their use is largely restricted to tax-
nomic delineation at the species level, while limited tools are
vailable for delineation at higher taxonomic levels. One exception
s the Percentage of Conserved Proteins (POCP) approach, which
as been proposed for circumscription at the genus level [16].

Here we have applied a suite of phylogenomic approaches to
e-examine the taxonomic status of the order Bacillales, using a
omprehensive set of strains representative of seventy-seven dis-
inct genera and eight families within the order. Furthermore, we
ave adopted a consensus or polyphasic system incorporating the
ata from the different phylogenomic analyses to diminish algo-
ithmic biases associated with each individual approach. Together,
hese data support several re-classifications which should be con-
idered for the order Bacillales.

aterials and methods

acillales genomes

The genomes of the type strains of type species of sixty-seven
istinct genera within the order Bacillales (Table 1) were retrieved
rom the NCBI Genbank assembly database [17]. For a further
ineteen genera, genomes were available for type strains of other
pecies within the genera (Table 1). These were only incorporated
n the analysis if their 16S rRNA gene sequences shared nucleotide
dentities with those of the type strain of the type species for the
enus of >95%, which represents the prescribed cut-off value for
ncorporation in the same genus [18]. In addition, the genomes
f type strains of the type genera for five families from the sister
rder Lactobacillales were included in the analyses, as well as the
enome of Clostridium butyricum DSM 10702T (order Clostridiales),
hich was used as outgroup for all analyses. The 16S rRNA gene

equences for each analysed strain were obtained from the NCBI
ucleotide database [17]. Metadata relating to the morphology (cell
hape), physiology (motility, ability to form spores), growth condi-
ions (salt concentrations, temperature and pH range) and sources
f isolation were obtained from the original species descriptions
Supplementary Table S1). All genomes were structurally anno-

ated using Prokaryotic Genemark.hmm [19]. The resultant amino
cid sequences were subjected to Orthofinder [20]. The ribosomal
rotein (RP) amino acid sequences from Bacillus subtilis 168 were
xtracted from the RiboDB database v 1.4.1 [21]. Local BlastP and
d Microbiology 42 (2019) 178–189 179

tBlastN analyses were performed in Bioedit v. 7.2.5 [22] with this
dataset to identify orthologous ribosomal proteins in each of the
compared genomes.

Phylogenomic metric calculations

Average nucleotide identity values were calculated using
OrthoANI (Supplementary Table S2) [23]. This algorithm calculates
ANI values on the basis of orthologous fragment pairs only and
is thus reported to provide more accurate values when genomes
are reciprocally compared than traditional ANI calculations [23].
Average amino acid identity (AAI) values were determined using
the aai.rb script in the enveomics package, using the two-way
AAI option (Supplementary Table S3) [24]. Tetranucleotide usage
(TETRA) pattern analyses (Supplementary Table S4) were per-
formed with Jspecies v. 1.2.1 [25]. Using the Genome-to-Genome
Distance Calculator (GGDC 2.0) with formula 2, digital DNA–DNA
hybridization values (dDDH) values were calculated (Supplemen-
tary Table S5) [14]. These metrics are all applied to distinguish
strains at the species level. A newly developed metric, Percentage
Of Conserved Proteins (POCP), can be used for genus level circum-
scription, where POCP values <50% indicate organisms belong to
distinct genera [16]. POCP values were calculated using the for-
mula [(C1 + C2)/(T1 + T2) × 100, where C1 and C2 represents the
number of conserved proteins (amino acid identity >40% with align-
ment coverage >50%) and T1 and T2 represent the total number of
proteins encoded on each genome (Supplementary Table S6) [16].

Phylogenetic analyses

The 16S rRNA gene sequences for each of the compared genomes
were aligned using the M-Coffee algorithm within the T-Coffee
package, which incorporates several different multiple sequence
alignment methods and combines the results in a single opti-
mal  alignment [26]. The 114 core proteins (CPs) identified with
Orthofinder, and the 45 conserved ribosomal proteins (RPs) were
individually aligned using M-Coffee [24]. Subsequently the CP and
RP alignments were concatenated in two  distinct CP and RP datasets
and poorly aligned positions were eliminated using GBlocks v 0.91b
[27]. The 16S rRNA (1061 nucleotide sites) and trimmed CP (22,049
amino acid sites) and RP (5250 amino acid sites) alignments were
used to construct Maximum Likelihood (ML) phylogenies using the
PhyML 3.0 server [28] with the Smart Model Selection (SMS) option
to determine the optimal substitution model for the alignment on
the basis of the Akaike Information Criterion [29]. For the 16S rRNA
gene ML  phylogeny bootstrap analysis (n = 1000) was performed to
provide branch support, while for the CP and RP ML  phylogenies
branch support was determined using the Shimodaira–Hasegawa
approximate Likelihood Ratio Test (SH-aLRT) method [30]. The per-
centage (ANI, AAI, dDDH, POCP) and decimal regression (TETRA)
values from the phylogenomic metric calculations were converted
into distance values [1 − (% similarity/100)]. The resulting distance
matrices were used to generate Neighbour Joining (NJ) trees with
PHYLIP v 3.695 [31]. The tree topologies of the three sequence-
based (CP, RP and 16S rRNA) and five phylogenomic metric (AAI,
OrthoANI, POCP, TETRA) distance-based trees were pair-wise com-
pared using Compare2Trees [32]. This program matches up the
branches between two compared trees and calculates a topological
score expressed as the percentage of branches which are identical

between two  given trees [32]. Six phylogenies (CP, RP, 16S rRNA,
OrthoANI, AAI and POCP) which shared an overall topology score of
>50% were selected and used to generate a consensus dendrogram
using the Consense algorithm in PHYLIP [31].
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Table 1
Genomic properties of the compared Bacillales taxa. The strains incorporated in this study are listed along with the NCBI accession numbers for the genomes, number of contigs, genome sizes, average genomic G + C content and
number  of proteins encoded on the genome. For some genera the genome of the type strain of the type species was unavailable. The relative 16S rRNA sequence identity of a representative species type strain to the type species
type  strain for that genus is shown. Only those strains with 16S rRNA gene sequence identities >95% were selected for incorporation in the analyses.

Family Strain NCBI Acc. # Contigs Genome
size (Mb)

G + C
content (%)

# proteins
encoded

Genus type strain (% 16S rRNA
identity to type species)

Lactobacillales
[ORDER]

Enterococcus faecalis DSM
20478T

ASDA01000000 11 2.88 37.64 2783 Y

Carnobacterium divergens
DSM 20623T

JQLO01000000 Complete (1) 2.62 35.10 2436 Y

Streptococcus pyogenes
DSM 20565T

LN831034 Complete (1) 1.91 38.50 1894 Y

Aerococcus viridans DSM
20340T

CP014164 Complete (1) 2.20 39.38 2018 Y

Lactobacillus delbrueckii
DSM 20074T

CP018615 Complete (1) 1.95 49.63 2055 Y

Leuconostoc mesenteroides
DSM 20343T

CP000414 Complete (2) 2.08 37.67 2012 Y

Listeriaceae L. monocytogenes DSM
20600T

LT906436 Complete (1) 2.86 38.06 2796 Y

B.  thermosphacta DSM
20171T

JHZM01000000 33 2.50 36.33 2412 Y

Staphylococcaceae G. haemolysans ATCC
10379T

ACDZ01000000 15 1.92 30.88 1691 Y

S.  aureus DSM 20231T CP011526 Complete (2) 2.78 32.84 2509 Y
A.  persicus DSM 28306T FOIT01000000 8 2.05 38.48 2024 Y
S.  luteus DSM 17002T JONV01000000 13 2.55 49.17 2612 96.3% (S. roseus DSM  5351T)
J.  psychrophilus DSM
19085T

AUEF01000000 33 2.34 40.24 2396 98.3% (J. halotolerans JCM 11198T)

Planococcaceae Bhargavaea cecembensis
DSM 22132T

AOFT01000000 39 3.21 54.83 3263 Y

Sporosarcina ureae DSM
2281T

AUDQ01000000 36 3.32 41.41 3265 Y

R.  pycnus DSM 15030T NJAS01000000 2 3.85 34.65 3585 97.7% (R. stabeksii DSM 25578T)
K.  zopfii DSM 20580T QFVS01000000 110 2.88 37.05 2893 Y
V.  arvi DSM 16317T LILB01000000 19 4.70 35.36 4495 Y
S.  silvestris DSM 12223T CP014609 Complete (1) 3.99 38.60 3831 Y
C.  latum DSM 14151T MATO01000000 97 3.59 42.70 3256 Y
L.  boronitolerans DSM
17140T

JPVR01000000 81 4.56 37.56 4524 Y

Psychrobacillus insolitus
DSM 5T

QKZI01000000 33 3.29 36.02 3230 Y

Paenisporosarcina
quisquiliarum JCM 14041T

FOBQ01000000 20 4.03 35.96 3893 Y

Planococcus rifietoensis
DSM 15069T

CP013659 Complete (1) 3.51 48.45 3550 99.0% (P. citreus DSM 20549T)

Planomicrobium glaciei
DSM 24857T

FNDC01000000 33 3.92 46.74 3946 97.4% (P. koreense JCM 10704T)

J.  alimentarius DSM 18867T JXRQ01000000 32 3.36 43.13 3514 Y
D.  robiginosus DSM 25058T LAHL01000000 106 4.69 42.73 4771 Y
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Bacillaceae 1 Caldibacillus debilis DSM
16016T

ARVR01000000 42 3.06 51.63 3223 Y

Anoxybacillus
pushchinoensis DSM
12423T

FOJQ01000000 117 2.62 42.06 2792 Y

Geobacillus
stearothermophilus DSM
22T

JYNWQ01000000 106 2.63 53.07 2969 Y

Parageobacillus
thermoglucosidasius DSM
2542T

CP012712 Complete (1) 3.87 43.89 3923 Y

Aeribacillus pallidus DSM
3670T

CP017703 Complete (1) 4.09 39.32 4062 Y

B.  subtilis DSM 10T CP011115 Complete (1) 4.22 43.51 4231 Y

Bacillaceae 2 Pelagirhabdus alkalitolerans
KCTC 33632T

KCTC 33632 23 2.53 37.08 2390 Y

Streptohalobacillus salinus
DSM 22440T

QJJR01000000 37 2.53 39.38 2319 Y

Halolactibacillus halophilus
DSM 17073T

FMYI01000000 95 2.70 38.44 2630 Y

Amphibacillus xylanus DSM
6626T

AP012050 Complete (1) 2.57 35.72 2356 Y

Gracilibacillus kekensis DSM
23178T

FRCZ01000000 17 3.98 36.00 3730 96.0% (G. halotolerans DSM  11805T)

Sediminibacillus halophilus
DSM 18088T

FHNF01000000 13 4.15 42.86 4137 Y

Lentibacillus halodurans
DSM 18342T

FOJW01000000 31 3.67 41.57 3651 95.7% (L. salicampi JCM 11462T)

Virgibacillus pantothenticus
DSM 26T

LGTO01000000 16 4.74 37.22 4343 Y

Oceanobacillus iheyensis
DSM 14371T

BA000028 Complete (1) 3.63 35.68 3503 Y

Paucisalibacillus globulus
DSM 18846T

AXVK01000000 50 4.23 35.79 4117 Y

Ornithinibacillus
californiensis DSM 16627T

LDUE01000000 70 3.98 36.96 3993 97.2% (O. bavariensis DSM 15681T)

Pontibacillus chungwhensis
DSM 16287T

AVBG01000000 40 3.87 40.77 3846 Y

Thalassobacillus cyri DSM
21635T

FNQR01000000 37 4.30 42.49 4355 97.7% (T. devorans DSM 16966T)

Halobacillus halophilus DSM
2266T

HE717023 Complete (3) 4.17 41.82 4137 Y

Salimicrobium album DSM
20748T

FNOS01000000 13 2.63 46.89 2693 Y

Tenuibacillus multivorans
NBRC 100370T

FNIG01000000 18 2.95 37.69 3046 Y

Piscibacillus halophilus DSM
21633T

FOES01000000 83 2.99 36.74 3106 98.3% (P. salipiscarius JCM 13188T)

Halalkalibacillus halophilus
DSM 18494T

AUHI01000000 27 2.71 37.43 2749 Y

Salinibacillus kushneri JCM
12390T

FOHJ01000000 23 3.49 37.40 3525 97.6% (S. aidingensis JCM 12389T)
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Table 1 (Continued)

Family Strain NCBI Acc. # Contigs Genome
size (Mb)

G + C
content (%)

# proteins
encoded

Genus type strain (% 16S rRNA
identity to type species)

Terribacillus saccharophilus
DSM 21619T

FOCD01000000 13 3.63 42.53 3693 Y

Sporolactobacillaceae Tuberibacillus calidus DSM
17572T

AUMM01000000 90 3.23 44.00 3272 Y

Sporolactobacillus
laevolacticus DSM 442T

AWTC01000000 32 3.59 42.72 3556 97.2% (S. inulinus DSM 20348T)

Family  incertae
sedis XII

Exiguobacterium
aurantiacum DSM 6208T

JNIQ01000000 2 3.04 52.79 3120 Y

Bacillaceae 3 Natribacillus halophilus
DSM 21771T

FNEN01000000 47 3.30 46.80 3487 Y

Salsuginibacillus kocurii
DSM 18087T

ARIV01000000 26 3.83 43.16 3689 Y

S.  qinghaiensis DSM 17008T 2636416020a 14 3.40 44.71 3449 Y
Alteribacillus bidgolensis
DSM 25260T

NJAU01000000 3 4.70 38.90 4705 Y

Marinococcus halophilus
DSM 20408T

NPFA01000000 64 3.26 47.25 3406 Y

Salipaludibacillus
aurantiacus DSM 18675T

AUCJ01000000 15 4.02 42.46 3961 Y

Salisediminibacterium
halotolerans DSM 21619T

2684623023a 20 2.84 46.87 2774 Y

Anaerobacillus
arseniciselenatis DSM
15340T

MLQQ01000000 58 3.95 36.09 3735 Y

Paenibacillaceae 2 A. migulanus DSM 2895T LGUG01000000 28 6.33 43.06 6496 99.4% (A. aneurinilyticus DSM 5562T)
Brevibacillus brevis DSM
30T

PXXZ01000000 97 6.61 47.38 6482 Y

Family  incertae
sedis X

Thermicanus aegyptius DSM
12793T

AZNU01000000 11 3.66 48.21 3678 Y

Thermoactinomycetaceae Novibacillus thermophilus
KCTC 33118T

CP019699 Complete (1) 3.63 50.44 3635 Y

Thermoflavimicrobium
dichotomicum DSM 44778T

FORR01000000 77 3.85 42.53 3710 Y

Lihuaxuella thermophila
DSM 4670T

FOCQ01000000 40 3.81 48.96 3830 Y

Laceyella sediminis DSM
45262T

PVTZ01000000 44 3.39 48.89 3432 99.6% (L. sacchari DSM 43356T)

Thermoactinomyces vulgaris
DSM 43016T

2616644978a 15 2.56 47.94 2731 Y
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Risungbinella massiliensis
DSM 44691T

CECI01000000 9 3.42 40.25 3405 98.0% (R. pyongyangensis NRRL B-59118T)

Shimazuella kribbensis DSM
45090T

ATZF01000000 46 4.18 38.37 4272 Y

Seinonella peptonophila
DSM 44666T

FQVL01000000 41 3.84 39.16 3759 Y

Planifilum fimeticola DSM
44946T

PVNE01000000 73 3.59 57.50 3684 Y

Melghirimyces
thermohalophilus DSM
45514T

FMZA01000000 35 3.19 52.91 3343 96.3% (M. algeriensis DSM 45474T)

Kroppenstedtia eburnea
DSM 45196T

FTOD01000000 27 3.53 54.09 3566 Y

Desmospora activa DSM
45169T

PZZP01000000 16 3.79 49.21 3715 Y

Marininema mesophilum
DSM 45610T

FNNQ01000000 42 3.33 44.80 3125 Y

Bacillaceae 4 T. decaturensis DSM
103037T

LSKU01000000 3 2.78 36.09 2881 95.8% (T. fermentans DSM 23802T)

V.  modesticaldus DSM
14931T

MIJF01000000 100 2.22 33.61 2240 Y

Paenibacillaceae 1 C. thermotolerans DSM
17683T

AUCP01000000 156 5.04 58.30 4944 Y

T.  composti DSM 18247T CP003255 Complete (2) 4.36 60.12 4245 97.4% (T. xylanilyticus CNCM I-1017T)
P.  polymyxa DSM 36T AFOX01000000 65 5.90 44.93 5430 Y
F.  panacisegetis DSM
28129T

FNBG01000000 76 5.26 42.84 4823 97.0% (F. aquaticus DSM 17643T)

S.  sacchari DSM 19268T JFBU01000000 25 6.07 52.72 5443 Y

Alicyclobacillaceae Alicyclobacillus
acidocaldarius DSM 446T

CP001727 Complete (4) 3.21 61.89 3231 Y

Kyrpidia tusciae DSM 2912T CP002017 Complete (1) 3.38 59.11 3365 Y
Effusibacillus lacus DSM
27172T

BDUF01000000 127 3.90 49.68 4069 Y

Tumebacillus
permanentifrigoris DSM
18773T

QGGL01000000 61 4.69 54.91 4474 Y

Family  incertae
sedis

D. alkaliarsenatis DSM
2408T

MIJE01000000 36 3.11 37.52 2912 Y

Clostridiales
[ORDER]

C.  butyricum DSM 10702T AQQF01000000 40 4.60 28.50 4084 Y

aDenotes those strains for which the genomes were derived from the Joint Genome Institute Integrated Microbial Genomes (JGI-IMG) database. The IMG  accession numbers are indicated.
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esults

onstructing a consensus phylogenomic framework for the order
acillales

Representatives of 86 out of 144 genera within the order Bacil-
ales for which genome sequences are available were analysed
sing core protein (CP) and ribosomal protein (RP) phylogenies as
ell as a range of phylogenomic metrics. Initial comparison of the
P and 16S rRNA phylogenies (Fig. 1 ) showed substantial congru-
nce between the two phylogenies (tree topology score: 77.6%).
ifferences between these phylogenies can largely be attributed to

wapping of branches among the deeper nodes, although there is
ome swapping at the higher taxonomic ranks, particularly when
onsidering the family incertae sedis strains (Fig. 1). Superior con-
ruence was observed between the CP and RP phylogenies (Fig. 1
nd Supplementary Figs. S1), with a tree topology score of 91.2%
Fig. 2). Here, family incertae sedis members also clustered differ-
ntly between the two phylogenies. The NJ trees constructed on the
asis of the phylogenomic metrics AAI, POCP and OrthoANI (Sup-
lementary Figs. S2, S3 and S4) shared tree topology scores ranging
rom 67.6 to 81.5% among them and the CP, RP and 16S rRNA phy-
ogenies (Fig. 2). By contrast, the TETRA and dDDH tree topologies
Supplementary Figs. S5 and S6) were incongruent with those of the
ther phylogenomic metric and alignment-based methodologies,
ith average tree topology scores of 40.4 and 25.3%, respectively,

uggesting that these approaches are not suitable for delineation of
igher taxonomic ranks (Fig. 2). The other phylogenomic metric-
nd sequence alignment-based phylogenies may  also be subject
o biases resulting in artefactual groupings which may  be respon-
ible for the incongruencies observed among the tree topologies.
hese include compositional biases where phylogenetically dis-
arate taxa are grouped together due to similar nucleotide or
rotein compositions, heterotachy linked to variations in the evo-

utionary rates of particular amino acids and nucleotides in a given
rotein or gene, as well as long-branch attraction due to the higher
volutionary rates that may  occur in some unrelated taxa [10,33].
o minimise the effects of these biases, a consensus tree was
onstructed on those phylogenomic metric and alignment-based
hylogenies which shared tree topology scores of >65.0%, namely
he CP, RP, 16S rRNA, AAI, OrthoANI and POCP. The resultant clado-
ram (Fig. 3) shared tree topology scores of >78.3% with these
ix analyses. In particular, the topology of the consensus tree is
ost congruent with the CP (92.7%) and RP (91.2%) phylogenies.
lthough this cladogram based on the majority rule consensus of

he different phylogenies does not consider the evolutionary dis-
ances between taxa, it gives a robust indication of the clustering
atterns of the different taxa with reduced biasing effects compared
o the individual phylogenies. The consensus tree also shares 78.9%
ree topology score with the 16S rRNA gene phylogeny. As such,
he family-level delineations in the consensus tree largely agree
ith the classifications at the family level on the basis of 16S rRNA

ene sequences [4]. This is true for several families, including the
isteriaceae, Staphylococcaceae,  Planococcaceae, Thermoactinomyc-
taceae and Alicyclobacillaceae,  as well as the order Lactobacillales
hich was included as outgroup. However, several discrepancies

an be observed both in the consensus tree as well as the individual
equence alignment- and phylogenomic metric-based analyses.

The family Bacillaceae comprises four distinct “family” clades
In the “revised road map  to the phylum Firmicutes”, it was

hown that on the basis of 16S rRNA gene phylogeny, the family
acillaceae occurred in two distinct clades, where the first clade

Bacillaeceae 1) incorporated the type genus Bacillus, along with
eobacillus and Anoxybacillus,  while the second (Bacillaceae 2) was
omprised of eighteen genera [4]. Our phylogenomic analyses show
hat the majority of taxa belonging to this original family fall into
d Microbiology 42 (2019) 178–189

four well-supported clades (Fig. 3). The first clade, Bacillaceae 1
incorporates six genera, Aeribacillus, Anoxybacillus, Caldibacillus,
Geobacillus and Parageobacillus along with the type genus strain
B. subtilis DSM 10T. A second well-supported clade (Bacillaceae
2) is comprised of twenty genera, while the third (Bacillaceae
3) and fourth (Bacillaceae 4) incorporate eight and two  genera,
respectively (Fig. 3). Among the taxa of the Bacillaceae 3, Sinobaca
qinghaiensis DSM 17008T was  previously described as a member of
the family Sporolactobacillaceae [34]. The four Bacillaceae clades in
the consensus tree are fully supported by the CP, RP and AAI trees
(Fig. 3; Supplementary Figs. S1 and S2), with intra-clade AAI values
ranging between 55.15 and 60.46% and inter-clade values between
48.43 and 52.88%. While these four clades are also evident in the
OrthoANI tree (Supplementary Fig. S4), the Bacillaceae 1 clade in
this tree also incorporates Domibacillus robiginosus DSM  25058T

and Jeotgalibacillus alimentarius DSM 18867T, which form part of
the Planocococcaceae clade in the CP, 16S rRNA, AAI and consen-
sus trees. In the POCP tree (Supplementary Fig. S3), D. robiginosus
DSM 25058T again clusters with the Bacillaceae 1 clade, while the
Bacillaceae 1 strain C. debilis DSM 16016T clusters with the Sporo-
lactobacillaceae. In the original descriptive paper, D. robiginosus was
characterised as a borderline strain between the Bacillaceae and
Planococcaceae [35], which may  explain the clustering of this strain
with the Bacillaceae 1 in the OrthoANI and POCP tree (Supplemen-
tary Figs. S3 and S4) and with the Planococcaceae in the CP, 16S
rRNA and AAI trees (Fig. 1 and Supplementary Fig. S1). On the basis
of the consensus tree, however, D. robiginosus DSM 25058T clusters
on the outside of the Planococcaeae clade along with J. alimentarius
DSM 18867T, which forms a clade with the other Planococcaceae in
five (all except the OrthoANI tree) trees, and as such, D. robiginosus
should be considered as a member of the family Planococcaceae.
The incorporation of additional Domibacillus species in the phy-
logenomic analysis may  further clarify its taxonomic position.

Analysis of the available species description metadata revealed
few distinguishing morphological and phenotypic characteristics
for the four Bacillaceae clades. The Bacillaceae clades 1–3 incorpo-
rate both facultative and obligate aerobic taxa, while Bacillaceae
clade 3 incorporates the strict anaerobe Anaerobacillus arseni-
ciselenatis DSM 15340T and clade 4 includes the microaerophilic
Tepidibacillus decaturensis DSM 103037T and the strict anaerobe
Vulcanibacillus modesticaldus DSM 14931T. The Bacillaceae clades
2–3 also include both motile and non-motile rod-shaped, spore-
forming and non-spore forming taxa and some taxa in these clades
can tolerate higher salt concentrations (Supplementary Table S1).
The Bacillaceae 1 (with the exception of B. subtilis DSM 10T) and 4
clades are composed primarily of thermophilic taxa, while the Bacil-
laceae 2 and 3 clades contain mesophilic taxa. Our phylogenomic
analyses, however, clearly differentiate the Bacillaceae into four
distinct clades, which may  represent four distinct families. Compre-
hensive phenotypic analyses may  reveal additional distinguishing
features for this taxonomic delineation.

While twenty-five of the compared Bacillaceae are placed within
the Bacillaceae 1–4 clades, a further four strains are placed else-
where in the consensus tree (Fig. 3). Aside from D. robiginosus
DSM 25058T which, as discussed above, clusters on the outside of
the Planococcaceae clade, three other strains, namely Viridibacil-
lus arvi DSM 16317T, Lysinibacillus boronitolerans DSM 17140T

and Psychrobacillus psychrodurans DSM 11713T consistently clus-
ter with the Planococcaceae in the CP, RP, 16S rRNA, AAI, POCP
and OrthoANI trees (Fig. 1 and Supplementary Figs. S1, S2, S3 and
S4) and should thus be considered as members of this family. The
incorporation of four members of the Bacillaceae,  along with two

members of the families incertae sedis (discussed below) in the
family Planococcaceae suggest that this family is much larger than
previously appreciated. As observed with the Bacillaceae,  avail-
able metadata reveal no consistent phenotype that may distinguish
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Fig. 1. Comparison of a core protein (CP) phylogeny and 16S rRNA gene phylogeny of the order Bacillales. Maximum likelihood phylogenies were constructed on the
basis  of 114 concatenated core proteins (22,049 amino acid sites) and the 16S rRNA gene (1061 nucleotide sites) using PhyML-SMS [28,29], with the optimal substitution
models of LG + G + I and GTR + G + I, respectively. The representative taxa are coloured according to their original family designation where members of the Lactobacil-
lales  are coloured in dark blue, Listeriaceae in pink, Staphylococcaceae in blue, Planococcaceae in purple, Bacillaceae in red, Sporolactobacillaceae in grey, Planococcaceae in
green,  Thermoactinomycetaceae in maroon, Alicyclobacillaceae in teal and families incertae sedis in olive. Solid connecting lines indicate where taxa cluster in the same “Family”
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ig. 2. Tree topology congruence scores (%) for the different phylogenomic analy
endrogram on the left was constructed on the basis of the % topology congruenc
tilised to construct the consensus phylogeny, while those highlighted in red were

embers of this family, as it includes both obligate aerobic and
acultative anaerobic, coccoid or rod-shaped, spore and non-spore
orming, motile and non-motile, as well as mesophilic and some
sychrophilic taxa. Further phenotypic characterization inclusive
f the Bacillaceae and family incertae sedis taxa that should be reclas-
ified to the Planococcaceae may  identify features unique to this
amily.

The Paenibacillaceae comprise two  distinct ‘family’ clades
Seven representative strains of the family Paenibacillaceae were

ncluded in this study. These representatives were observed to form
art of two distinct clades in the consensus tree, the Paenibacil-

aceae 1 (including the type genus Paenibacillus) and 2, comprising
f five and two strains, respectively (Fig. 3). These distinct clades
re spatially separated in four of the six phylogenies incorporated
n the consensus tree, namely the CP, RP, 16S rRNA and AAI trees
Fig. 1 and Supplementary Figs. S1 and S4). In the other trees
POCP and OrthoANI), the Paenibacillaceae 1 and 2 strains form
art of a single clade, but occur in two distinct branches within
hese trees. The Paenibacillaceae may  thus be split into two dis-
inct family clades; the Paenibacillaceae 1 (Cohnella thermotolerans
SM 17683T, Thermobacillus composti DSM 18247T, Fontibacillus
anacisegetis DSM 28129T, Paenibacillus polymyxa DSM 36T and
accharibacillus sacchari DSM 19268T) and the Paenibacillaceae 2
Aneurinibacillus migulanus DSM 2895T and Brevibacillus formosus
SM 9885T). This partially agrees with the previous observation of

wo monophyletic clades being formed in a 16S rRNA phylogeny,
lthough Brevibacillus clustered with Paenibacillus, Thermobacillus
nd Cohnella, while Aneurinibacillus clustered with Ammoniphilus
nd Oxalophagus (for which no genomes are available) in the ear-
ier study [36]. While both the Paenibacillaceae 1 and 2 clades
ncorporate aerobic, spore-forming, motile rods, their separation
s supported by genomic characteristics (Table 1). The Paenibacil-
aceae 1 have genomes which are, on average, 945 kb larger, and

ith a mean G + C content of 6.54% below that of the Paenibacil-
aceae 2 (average genome size: 5.34 Mb;  average G + C content:
1.78%).

The families Listeriaceae and Staphylococcaceae belong to the

rder Lactobacillales

The consensus tree shows the taxa belonging to the families
isteriaceae (Brochothrix thermosphacta DSM 20171T and Listeria
onocytogenes DSM 20600T) and Staphylococcaceae (Staphylococ-

lades in both the CP and 16S rRNA gene phylogenies, while dotted lines indicate where d
himodaira-Hasegawa approximate Likelihood Ratio Test (SH-aLRT) values [30] are show
ee topology congruence scores were determined using Compare2Trees [32]. The
verted into distance values. Phylogenomic approaches highlighted in green were
ded.

cus aureus DSM 20231T, Aliicoccus persicus DSM 28306T, Salinicoccus
luteus DSM 17002T and Jeotgalicoccus psychrophilus DSM 19085T)
clustering with representatives of the order Lactobacillales (Fig. 3).
This clustering pattern is also observed in the CP and 16S rRNA
phylogenies (Fig. 1) and the POCP and OrthoANI trees (Supplemen-
tary Figs. S3 and S4). In the RP phylogeny (Supplementary Fig. S1)
the Listeriaceae cluster with the Lactobacillales while the Staphy-
lococcaceae form a separate clade closer to the Planococcaceae. In
the AAI tree (Supplementary Fig. S2), the Lactobacillales, Listeri-
aceae and Staphlyococcaceae form part of three distinct clades. The
co-clustering of these two  Bacillales families with the Lactobacil-
lales observed in most of the trees is further supported by both
phenotypic and genotypic features of members of both of these
families. As with the Lactobacillales, the Staphylococcaceae and
Listeriaceae families incorporate taxa with a coccoid morphology,
rather than the rod-shaped morphology typical of the Bacillales.
The genomes of the Listeriaceae (2.68 Mb  average) and Staphylo-
coccaceae (2.43 Mb  average) are more similar in size to those of
the Lactobacillales (2.26 Mb  average) than the Bacillales (3.76 Mb
average) and the G + C contents of the Listeriaceae (37.17%) and
Staphylococcaceae (40.18%) are more similar to those of the Lac-
tobacillales (39.63%) than those of the Bacillales (44.0%). Taken
together, these data provide support for the reclassification of the
families Listeriaceae and Staphylococcaceae within the order Lacto-
bacillales, rather than within the order Bacillales.

Taxonomic placement of the Bacillales families incertae sedis
The order Bacillales incorporates nine genera which have not

been taxonomically classified at the family level. Six representa-
tives of these family incertae sedis taxa were incorporated in the
phylogenomic analyses. Solibacillus silvestris DSM 12223T and Rum-
meliibacillus pycnus DSM 15030T cluster with the Planococcaceae
in all phylogenomic analyses. The former strain consistently clus-
ters with Caryophanon latum DSM 14151T, while the latter clusters
with Kurthia zopfii DSM 20580T. As such, these taxa, along with
four members of the family Bacillaceae,  should be reclassified to
the family Planococcaceae. The family XI incertae sedis strain Gemella
haemolysans ATCC 10379T clusters on the outside of the Staphylo-

coccaceae branch, where it was previously assigned [37], in the CP,
RP and 16S rRNA phylogenies and the OrthoANI tree (Fig. 1 and
Supplementary Figs. S1 and S4). This strain has a relatively small
genome (1.92 Mb  in size) and its cells are coccoid in shape, and as

istinct clustering patterns are observed. Bootstrap values (n = 1000 replicates) and
n on the branches of the 16S rRNA and CP phylogenies, respectively.
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Fig. 3. Consensus tree constructed on the basis of six alignment- and phylogenomic metric-based approaches. Taxa are coloured according to their original family designations
(as  in Fig. 1). The consensus tree was  constructed using the Consense script in PHYLIP v 3.695 [31]. Values on the branches indicate the number of times taxa nodes co-occur
in  branches in the six trees (CP, RP, 16S rRNA, AAI, OrthoANI, POCP) incorporated in the consensus tree. For example 4/6 denotes congruence in four out of the six approaches.
Only  those clades supported in ≥ 3/6 trees are shown.
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uch, this strain should be reclassified along with the Listeriaceae
nd Staphylococcaceae as a member of the order Lactobacillales,
s has previously been suggested in a broader-scale phylogenomic
nalysis of the phylum Firmicutes [38]. Aside from its clustering
n the outside of the Staphylococcaceae clade, Gemella also clus-
ers with the Lactobacillales taxa in the POCP tree (Supplementary
ig. S3) and therefore may  form a distinct family clade in the order
actobacillales.

The taxonomic positions of the other three family incertae
edis, namely Exiguobacterium aurantiacum DSM 6208T, Thermi-
anus aegypticus DSM 12793T and Desulfuribacillus alkaliarsenatis
SM 24608T are less clearly defined. The consensus phylogeny
laces E. aurantiacum DSM 6208T (Family XII) with the Sporolac-
obacillaceae, a clustering pattern also observed in the CP and RP
hylogenies (Fig. 1 and Supplementary Fig. S1), but distinct posi-
ions are observed for this strain in the POCP and OrthoANI (clusters
ith Lactobacillales, Staphylococcaceae and Listeriaceae), AAI (clus-

ers separately) and 16S rRNA (clusters with the Paenibacillaceae 2)
rees. Similarly, T. aegypticus DSM 12793T (Family X) clusters with
he Alicyclobacillaceae in the OrthoANI and AAI trees, with the Bacil-
aceae 4 in the POCP tree, on its own in the RP phylogeny and with
he Thermoactinomycetaceae in the 16S rRNA phylogeny. The CP
hylogeny show this strain to be associated with the family Paeni-
acillaceae, where it was classified before transfer of Thermicanus to
amily X incertae sedis [37]. D. alkaliarsenatis DSM 24608T clusters
ith the Bacillaceae 4 strains in the AAI and POCP trees (Supple-
entary Figs. S2 and S3). In the CP, RP, 16S rRNA phylogeny and

he OrthoANI tree (Fig. 1 and Supplementary Figs. S1 and S4), this
train forms a distinct branch near the base of the tree, suggesting it
orms part of a novel family distantly related to the other Bacillales.
he disparate clustering for these family incertae sedis taxa between
he different phylogenies and phylogenomic metric trees indicate
hat at least some of these techniques are prone to compositional
iases and long-branch attraction which may  not be effectively
iluted in the consensus phylogeny, and as such their taxonomy
annot currently be accurately resolved. However, the incorpora-
ion of additional genomes, including those of other species for
hese genera, in this phylogenomic approach may  elucidate the
orrect taxonomic position of these taxa.

iscussion

The accurate classification of bacterial taxa at the genus and
pecies levels remains a difficult task. This is even more compli-
ated at the higher taxonomic levels, including the family and
rder levels, where techniques such as DNA–DNA hybridization are
ot feasible. Furthermore, inconsistencies are frequently observed
ithin 16S rRNA gene phylogenies and shared phenotypic charac-

eristics between these higher level taxonomic ranks, resulting in
 highly subjective classification scheme [12]. This is highlighted
y the family Bacillaceae which was circumscribed to incor-
orate aerobic or facultatively anaerobic, chemo-organotrophic,
ndospore-forming Gram-positive rods [39]. This family was  con-
olidated on the basis of 16S rRNA phylogeny [4], even though it
ncorporates taxa which are strictly anaerobic, non-spore-forming
nd have a coccoid morphology. As the 16S rRNA gene may not be
epresentative of the phenotype or genotype of an organism [12],
he development of a more robust system for higher taxonomic
ank classification is an imperative.

Here we have employed phylogenomic methodologies, incorpo-
ating techniques that consider the genome at both the nucleotide

nd amino acid levels, to address the taxonomy of the order Bacil-
ales. This genome-level analysis has revealed several taxonomic
onsiderations, including the clustering of members of the family
acillaceae in three distinct “family” clades, the existence of two

[

[

d Microbiology 42 (2019) 178–189

Paenibacillaceae “family” clades and the grouping of the families
Staphylococcaceae and Listeriaceae with the order Lactobacillales,
rather than the order Bacillales. Discrepancies in the results from
the different phylogenomic analyses highlight the danger of using a
single methodology to resolve taxonomy. For this reason, we  have
adopted a consensus phylogenomic approach, using polyphasic
genomic methods for bacterial classification and diluting the effects
of algorithmic biases associated with individual techniques. This
robust, yet simple, methodology can easily be applied to resolve
the classification of a broad range of bacterial taxa at all taxonomic
levels.

One significant issue observed in these analyses was  the taxo-
nomic position of members of the Bacillales families incertae sedis,
which had a profound influence on the variability of the phyloge-
nomic analyses. The different clustering patterns observed may
be due to the effects of long-branch attraction and compositional
biases associated with the individual phylogenomic metrics. Their
positions may  be more accurately resolved by the incorporation of
additional taxa within the families incertae sedis. By the same token,
the inclusion of multiple species from the different genera incor-
porated in the analyses may  better resolve the order Bacillales at
the family, genus and species levels.
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