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Bacillus salis strain ES37 (= CSUR P1478 = DSM 100598) is the type
strain of B. salis sp. nov. It is an aerobic, Gram-positive, moderately
halophilic, motile and spore-forming bacterium. It was isolated
from commercial table salt as part of a broad culturomics study
aiming to maximize the culture conditions for the in-depth
exploration of halophilic bacteria in salty food. Here we describe
the phenotypic characteristics of this isolate, its complete genome
sequence and annotation, together with a comparison with closely
related bacteria. Phylogenetic analysis based on 16S rRNA gene
sequences indicated 97.5% similarity with Bacillus aquimaris, the
closest species. The 8 329 771 bp long genome (one chromosome,
no plasmids) exhibits a G+C content of 39.19%. It is composed of
18 scaffolds with 29 contigs. Of the 8303 predicted genes, 8109
were protein-coding genes and 194 were RNAs. A total of 5778
genes (71.25%) were assigned a putative function.
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Halophiles are considered as microorganisms living in hyper-
saline environments which often require a high salt concen-
tration for growth. They are involved in centuries-old
processes, such as production of salt and fermentation of food
consumed by humans [1,2]. Today, with the emergence of new
biologic technologies, these organisms have been isolated and
described from many traditional foods [2] such as salt [3].

Despite recent technologic advances in molecular biology,
pure culture is the only way to characterize the physiologic
properties of bacteria and to evaluate their potential virulence
[4]. Therefore, we tried to investigate the population of halo-
philic prokaryotes in the human gut and salty food by using a
culturomics approach. This approach allowed us to isolate a
new member of the Bacillus genus. This bacterium is Gram
negative, strictly aerobic, moderately halophilic and motile. It
was isolated from commercial table salt. This isolation was part
of a culturomics study using high-salt culture conditions in or-
der to cultivate halophilic bacteria from human faeces and
environmental samples [5]. This isolate is described using a new
and innovative method that we have implemented [6]. The old
methods, based on 16S rRNA sequencing, phylogeny, G + C
content and DNA-DNA hybridization (DDH), are fastidious
and include many limitations [6,7].

The emergence of new tools for DNA sequencing and
technology, such as matrix-assisted desorption ionization—time
of flight mass spectrometry (MALDI-TOF MS), has allowed an
increase in available genomic and proteomic data over the last
few years [8,9]. These technologic advances have allowed us to
develop a new way of describing bacterial species that takes
into account genomic and protonic information [10].

Here we present a summary classification and a set of fea-
tures for B. salis strain ES3" (= CSUR P1478 = DSM 100598),
together with the description of its complete genomic sequence

and its annotation.

Strain isolation and identification

Culture condition. Culture was realized in an aerobic atmosphere
on a homemade culture medium consisting of a Columbia agar
culture (Sigma-Aldrich, Saint-Quentin Fallavier, France) modi-
fied by adding (per liter): MgCl, 6H,0, 5 g; MgSO,4 7H,0, 5 g;
KCl, 2 g CaCl, 2H,0, | g NaBr, 0.5 g NaHCO;3;, 0.5 g,
glucose, 2 g and 100 g/L of NaCl. The pH was adjusted to 7.5
with 10 M NaOH before autoclaving [3].

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

https://doi.org/10.1016/j.nmni.2017.12.006


mailto:khelaifia_saber@yahoo.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.nmni.2017.12.006

MALDI-TOF MS identification. The identification of our strain was
carried out by a MALDI-TOF MS analysis with a Microflex
spectrometer (Bruker Daltonics, Leipzig, Germany) as previ-
ously described [ | |]. Obtained spectra were then compared by
using MALDI Biotyper 3.0 software (Bruker) as well as the
Unité des Maladies Infectieuses et Tropicales Emergentes’s
(URMITE) database, which is constantly updated. If no identi-
fication was possible at the genus or species level (score <I.7),
sequencing of the 16S rRNA gene was performed to achieve a
correct identification [12,13].

Sequencing of 16S rRNA gene. DNA extraction was performed
using the EZ| DNA Tissue Kit and BioRobot EZ| Advanced XL
(Qiagen, Courtaboeuf, France). The 16S rRNA gene was
amplified using PCR technology and universal primers fD| and
rP2 [12] (Eurogentec, Angers, France). The amplifications and
sequencing of the amplified products were performed as pre-
viously described [14]. Then 16S rRNA gene sequences were
assembled and corrected using Codoncode Aligner software
(http://www.codoncode.com/) and compared with those avail-
able in GenBank (http://www.ncbi.nlm.nih.gov/genbanl/). lden-
tification at the species level was defined by a 16S rRNA gene
sequence similarity of >99% with the sequence of the type
strain in GenBank. When the percentage of identity was
<98.7%, the studied strain was considered as a new species [ 5].

Phylogenetic classification

Phylogenetic analysis based on 16S rRNA of our isolate was
performed to identify its phylogenetic affiliations with other
close isolates, including other members of the genus Bacillus.
MEGA 6 (Molecular Evolutionary Genetics Analysis) software
allowed us to construct a phylogenetic tree [16]. Sequence
alignment of the different species was performed using CLUS-
TAL W [I7], and evolutionary distance matrices for the
neighbour-joining method were calculated using the algorithm
of the Kimura two-parameter model [18].

Physiologic and phenotypic characteristics

Phenotypic tests. The phenotypic characteristics of this strain
were studied by testing different parameters. Regarding tem-
perature, we studied growth at 25, 30, 37, 45 and 56°C.
Growth at various NaCl concentrations (0.5, 5, 7.5, 10, 15, 200
and 250%) was also investigated. The optimal pH for growth
was determined by testing different pHs: 5, 6, 6.5, 7, 7.5, 8, 9
and 10. Growth of strain ES3T was tested under aerobic at-
mosphere, in the presence of 5% CO, and also under anaerobic
and microaerophilic atmospheres, created using AnaeroGen
(Thermo Fisher Scientific, Saint Aubin, France) and CampyGen

(Thermo Fisher Scientific) respectively.
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Microscopy. Gram staining and motility were observed with a
DMI1000 light microscope (Leica Microsystems, Nanterre,
France). Cell morphology was studied using a Tecnai G*° Cryo
(FEI Company, Limeil-Brévannes, France) transmission electron
microscope operated at 200 keV after negative staining of
bacteria. Cells were first fixed with 2.5% glutaraldehyde in 0.1
M cacodylate buffer for at least | hour at 4°C. A drop of cell
suspension was deposited for approximately 5 minutes on
glow-discharged formvar carbon film on 400 mesh nickel grids
(FCF400-Ni; Electron Microscopy Sciences (EMS), Hatfield, PA,
USA). The grids were dried on blotting paper, and cells were
negatively stained for 10 seconds with % ammonium molyb-
date solution in filtered water at room temperature. Formation
of spores was determined after thermal shock and observed

under a microscope.

Biochemical test. Acid production from carbohydrates was
determined by using the APl 50CHB system (bioMérieux,
Marcy PEtoile, France). Other physiologic tests were per-
formed with the APl 20NE system (bioMérieux) and APl ZYM

(bioMérieux), according to the manufacturer’s instructions.

Antibiotic susceptibility test. Antibiotic susceptibility was deter-
mined on Mueller-Hinton agar in a petri dish using the disc
diffusion method according to European Committee on Anti-
microbial Susceptibility Testing recommendations (bioMérieux)
[19]. The following antibiotics were tested: doxycycline, rifam-
picin, vancomycin, nitrofurantoin, amoxicillin, erythromycin,
ampicillin, ceftriaxone, ciprofloxacin, gentamicin, penicillin,

trimethoprim/sulfamethoxazole, imipenem and metronidazole.

Fatty acid analysis. Cellular fatty acid methyl ester (FAME)
analysis was performed by gas chromatography/mass spec-
trometry (GC/MS). Two samples were prepared with
approximately 85 mg of bacterial biomass per tube collected
from several culture plates. FAMEs were prepared as described
by Sasser [20]. GC/MS analyses were carried out as previously
described [21]. Briefly, FAMEs were separated using an Elite 5-
MS column and monitored by mass spectrometry (Clarus
500-SQ 8 S; Perkin Elmer, Courtaboeuf, France). Spectral
database search was performed using MS Search 2.0 operated
with the Standard Reference Database | A (National Institute of
Standards and Technology, Gaithersburg, MD, USA) and the
FAME mass spectral database (Wiley, Chichester, UK).

Genome sequencing

Genomic DNA (gDNA) of Bacillus salis was extracted in two
steps. A mechanical treatment was first performed by acid-
washed glass beads (G4649-500g; Sigma-Aldrich, St. Louis,
MO, USA) using a FastPrep BIO 10l instrument (Qbiogene,
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Classification and general features of Bacillus salis
strain ES37

Property Term

Domain: Bacteria
Phylum: Firmicutes
Class: Bacilli

Order: Bacillales
Family: Bacillaceae
Genus: Bacillus
Species: Bacillus salis
Type strain: ES3"

Current classification

Gram stain Positive

Cell shape Rod shaped
Motility Motile

Sporulation Endospore forming
Temperature range Mesophile
Optimum temperature 37°C

Optimum pH 7.5

Salinity 5.0-200 g/L
Optimum salinity 100 g/L

Oxygen requirement Aerobic

Strasbourg, France) at maximum speed (6.5 m/s) for 90 sec-
onds. Then after a 2-hour lysozyme incubation at 37°C, DNA
was extracted on the EZ| biorobot (Qiagen) with an EZI DNA
tissue kit. The elution volume was 50 pL. gDNA was quantified
by a Qubit assay with the high-sensitivity kit (Life Technologies,
Carlsbad, CA, USA) to 120 ng/uL.

26

gDNA was sequenced with MiSeq Technology (lllumina, San
Diego, CA, USA) with the mate-pair strategy. The gDNA was
barcoded to be mixed with | | other projects with the Nextera
Mate Pair sample prep kit (lllumina). The mate-pair library was
prepared with |.5 pg gDNA using the Nextera mate-pair Illu-
mina guide. The gDNA sample was simultaneously fragmented
and tagged with a mate-pair junction adapter. The pattern of the
fragmentation was validated on an Agilent 2100 BioAnalyzer
(Agilent Technologies, Santa Clara, CA, USA) with a DNA 7500
labchip. The DNA fragments ranged in size from 1.5 to |1 kb,
with an optimal size of 6.859 kb. No size selection was per-
formed, and 600 ng of tagmented fragments were circularized.
The circularized DNA was mechanically sheared to small
fragments with an optimal at 921 bp on the Covaris S2 device in
T6 tubes (Covaris, Woburn, MA, USA). The library profile was
visualized on a High Sensitivity Bioanalyzer LabChip (Agilent
Technologies), and the final concentration library was
measured at 39.94 nmol/L. The libraries were normalized at
2 nM, and this library was added as two spots and all were
pooled. After a denaturation step and dilution at |15 pM, the
pool of libraries was loaded onto the reagent cartridge and then

onto the instrument along with the flow cell. Automated
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Phylogenetic tree highlighting position of Bacillus salis strain ES3" relative to other close species. GenBank accession numbers are indicated in

parentheses. Sequences were aligned using CLUSTAL W, and phylogenetic inferences were obtained by Kimura two-parameter model within MEGA 6

software. Bacteroides thetaiotaomicron was used as outgroup. Scale bar represents 0.05% nucleotide sequence divergence.
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Gel view comparing Bacillus salis strain ES37 to members of genera Bacillus and Paenibacillus. Gel view displays raw spectra of all loaded
spectrum files arranged in pseudo—gel-like look. X-axis records m/z value. Left y-axis displays running spectrum number originating from subsequent
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Gram staining of Bacillus salis strain ES3”.

Transmission electron microscopy of Bacillus salis strain ES3".
Cells were observed with Tecnai G20 transmission electron micro-

scope operated at 200 keV. Scale bar = 500 nm.

Genome annotation and comparison

The genome’s assembly was performed with a pipeline that
enabled us to create an assembly with different software (Velvet
[22], Spades [23] and Soap Denovo [24]) on trimmed (MiSeq
and Trimmomatic softwares) [25] or untrimmed data (only
MiSeq software). For each of the six assemblies performed,
GapCloser [24] was used to reduce gaps. Then contamination
with Phage Phix was identified (BLASTn against Phage Phix174
DNA sequence) and eliminated. Finally, scaffolds of size
<800 bp were removed, and scaffolds with a depth value of
<25% of the mean depth were removed (identified as possible
contaminants). The best assembly was selected by using
different criteria (number of scaffolds, N50, number of N). For
© 2018 The Author(s). Published by Elsevier Ltd, NMNI, 23, 28-38

the studied strain, Spades gave the best assembly, with a depth
coverage of 99x.

Open reading frames (ORFs) were predicted using Prodigal
[26] with default parameters, but the predicted ORFs were
excluded if they were spanning a sequencing gap region (con-
tained N). The predicted bacterial protein sequences were
searched against the Clusters of Orthologous Groups (COGs)
database using BLASTP (E value le-03, coverage 0.7 and iden-
tity percentage 30%). If no hit was found, sequences were
searched against the NR database using BLASTP with a E value
of le-03, coverage 0.7 and identity percentage 30%. If the
sequence length was smaller than 80 aa, we used an E value of
le-05. The tRNAScanSE tool [27] was used to find transfer
RNA genes, whereas ribosomal RNAs were found using
RNAmmer [28]. Lipoprotein signal peptides and the number of
transmembrane helices were predicted using Phobius [29].
ORFans were identified if the BLASTP performed did not give
positive results (E value was lower than le-03 for ORFs with
sequence size >80 aga; if alignment lengths were <80 aa, we used
an E value of 1e-05). Such parameter thresholds have been used
in previous work to define ORFans. The annotation process
was performed in DAGOBAH [30], which includes Figenix [31]
libraries that provided pipeline analysis.

Artemis was used for data management and DNAPIotter
[32] for visualization of genomic features. The Mauve alignment
tool (version 2.3.1) was used for multiple genomic sequence
alignment [33]. To estimate the mean level of nucleotide
sequence similarity at the genome level, we used MAGI
homemade software to calculate the average genomic identity
of orthologous gene sequences (AGIOS) among compared
genomes. Briefly, this software is combined with the Protei-
northo software [34] for detecting orthologous proteins in
pairwise genomic comparisons; it then retrieves the corre-
sponding genes and determines the mean percentage of
nucleotide sequence identity among orthologous ORFs using
the Needleman-Wunsch global alignment algorithm. Genomes
from the genus Bacillus and closely related genera were used for
the calculation of AGIOS values. The genomic similarity was
evaluated among studied species close to the isolate by digital
DNA-DNA hybridization (http://ggdc.dsmz.de/distcalc2.php).

Strain identification and phylogenetic analyses

Strain ES3" was first isolated in May 2014 (Table 1) after 30
days of preincubation in aerobic culture on our homemade
culture medium at 37°C. No significant MALDI-TOF MS score
was obtained for strain ES3 against the Bruker and URMITE
databases, suggesting that our isolate was not a member of a

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Differential characteristics of Bacillus salis strain ES3" and Bacillus marisflavi strain TF-117 [36], Bacillus endophyticus strain
2DTT [37], Halobacillus halophilus strain SL-47 [38], Paenibacillus terrae strain AM141T [39] and Paenibacillus sabinae strain T277
7

[40]
Characteristic B. salis B. marisflavi B. endophyticus H. halophilus P. terrae P. sabinae
Cell diameter (um) 1.8 0.6-0.8 0.5-1.5 0.6-0.8 0.8-1.1 0.7-32
Oxygen requirement Aerobic Aerobic Aerobic Aerobic Aerobic Aerobic
Gram stain + +tov +tov + v +
Motility + + - + + +
Endospore formation + + - + + +
Production of:
Catalase + + - + + +
Oxidase - - + + - -
Nitrate reductase + NA - = + gz
Urease + - - = — NA
B-Galactosidase = NA NA NA = NA
N-acetyl-B-glucosaminidase = NA NA NA + NA
Acid from:
L-Arabinose = = + NA = =
p-Ribose G + + NA = i
D-Mannose G + + G + NA
p-Mannitol = + = = + NA
D-Sucrose = = + = + =
D-Glucose + + + = + +
D-Fructose + + - - - -
D-Maltose - - - NA + +
D-Lactose - - - NA - -
Starch + + + NA NA NA
Gelatin + + + NA NA NA
Habitat Table salt Seawater Soil sediment Soil Soil Salt lake

+, positive result; —, negative result; v, variable result; NA, data not available.

known species [9]. An almost complete 16S rRNA gene
sequence of strain ES3" (accession no. LN827530) comprising
1505 nt was analysed. Comparative 16S rRNA gene sequences
analyses showed that strain ES3" is phylogenetically affiliated
with the Bacillus genus (Fig. |). The phylogenetic distinctiveness
(16S rRNA gene sequence similarity of <97%) confirms that
strain ES3" represents a distinct species from the recognized
species belonging to Bacillus genus [35]. In fact, strain ES3"
exhibited 97.5% nucleotide sequence similarity with Bacillus
aquimaris, the phylogenetically closest species with a validly
published name [36]. The reference spectrum for strain ES3"

Cellular fatty acid composition (%)

Fatty acid IUPAC Name Mean relative %
15:0 anteiso 12-methyl-Tetradecanoic acid 59.6 = I.1
17:0 anteiso 14-methyl-Hexadecanoic acid 173+ 1.0
15:0 iso |3-methyl-Tetradecanoic acid 10.1 £ 1.6
16:0 Hexadecanoic acid 37+02
14:0 Tetradecanoic acid 27+04
16:0 iso 14-methyl-Pentadecanoic acid 2.1 +£03
17:0 iso | 5-methyl-Hexadecanoic acid 1.5+0.1
16:1n9 7-Hexadecenoic acid TR

5:0 anteiso 2-methyl-Butanoic acid TR
14:0iso 12-methyl-Tridecanoic acid TR

13:0 anteiso 10-methyl-Dodecanoic acid TR

17:1 iso I5-methyl-Hexadecenoic acid TR

19:0 anteiso 16-methyl-Octadecanoic acid TR

18:0 Octadecanoic acid TR

16:1 iso 14-methyl-Pentadecenoic acid TR

13:0 iso I I-methyl-Dodecanoic acid TR

12:0 Dodecanoic acid TR

IUPAC, International Union of Pure and Applied Chemistry; TR, trace amounts
< 1%.
“Mean peak area percentage.

was thus incremented in our database (Fig. 2), then compared
to other known species of the genus Bacillus. The differences

exhibited are shown in Fig. 3 in the obtained gel view.

Phenotypic description

Strain ES3" formed creamy, smooth, circular and slightly
irregular colonies 5 to 8 mm in diameter after incubation at 37°
C for 2 days on our halophilic medium under an aerobic at-
mosphere. Growth occurred between 25 and 40°C, but not at
55°C. No growth was observed without NaCl, and the strain
grew at salt concentrations ranging from 1% to 25% (w/v) NaCl,
with optimum growth occurring at 10% (w/v) NaCl. Growth
occurred between pH 6 and 10, with an optimum at pH 7.5.
Cells were motile and spore forming. Gram staining (Fig. 4)
showed Gram-positive rods. Strain ES3" exhibited catalase ac-
tivity but no oxidase. Measured by electron microscopy, the

rods had a mean diameter of 1.8 uym and a length of 5.9 ym
(Fig. 5).

Biochemical test. Using APl 50CH strip, positive reactions
was observed for p-glucose, p-fructose, b-mannose, arbutin,
esculin ferric citrate, salicin, D-maltose, D-saccharose, D-
trehalose, melezitose, p-raffinose and amidon; and negative
reactions were recorded for glycerol, erythritol, p-arabinose,
L-arabinose, D-ribose, D-xylose, L-xylose, D-adonitol, methyl-
Bo-xylopyranoside, p-galactose, L-sorbose, L-rhamnose, dulci-
tol, inositol, b-mannitol, p-sorbitol, methyl-ap-mannopyrano-
side, D-

methyl-ap-glucopyranoside, N-acetyl-glucosamine,

© 2018 The Author(s). Published by Elsevier Ltd, NMNI, 23, 28-38
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Nucleotide content and gene count levels of Number of genes associated with 25 general COGs
genome functional categories
Attribute Value % of total® Code Value % value Description
Size (bp) 8329771 100 ) 475 5.85 Translation
G+C content (bp) 3263777 39.18 0 0 RNA processing and modification
Coding region (bp) 6 920 184 83.07 K 400 493 Transcription
Total genes 8303 100 L 215 2.65 Replication, recombination and repair
RNA genes 194 233 B 2 0.02 Chromatin structure and dynamics
Protein-coding genes 8109 97.66 D 102 1.25 Cell cycle control, mitosis and meiosis
Genes with function prediction 5778 71.25 Y 0 0 Nuclear structure
Genes assigned to COGs 5277 65.07 \ 130 1.60 Defense mechanisms
Genes with peptide signals 869 10.71 T 288 3.55 Signal transduction mechanisms
Genes with transmembrane helices 2032 25.05 M 260 3.20 Cell wall/membrane biogenesis
N 118 1.45 Cell motility
COGs, Clusters of Orthologous Groups database. z 0 0 Cytoskeleton
*The total is based on either the size of the genome in base pairs or the total w 15 0.18 Extracellular structures
number of protein coding genes in the annotated genome. V) 66 0.8l Intracellular trafficking and secretion
(@) 234 2.88 Posttranslational modification, protein turnover,
chaperones
X 56 0.69 Mobilome: prophages, transposons
C 358 441 Energy production and conversion
G 431 5.31 Carbohydrate transport and metabolism
H inuli ;i iobi _ _ E 571 7.04 Amino acid transport and metabolism
cellobiose, inulin, glycogen, xylitol, gentiobiose, p-turanose, D : o o Nuclootide transeort and metaboliom
lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, H 318 3.92 Coenzyme transport and metabolism
| 333 4.10 Lipid transport and metabolism
potassium gluconate, potassium 2-ketogluconate and potas- P 323 3.98 Inorganic ion transport and metabolism
Q 176 217 Secondary metabolites biosynthesis, transport
sium 5-ketogluconate. and catabolism
R 560 6.90 General function prediction onl
Using APl 20NE, positive reactions were obtained for esculin s 403 496 Fmasien unknowﬁ J
— 2832 34.92 Not in COGs

ferric citrate, potassium nitrate, L-tryptophane, D-glucose

(fermentation), L-arginine and urea. Glucose was assimilated.

2.
% YL500000
%
—S
B

ZE

==

"B [f2000000

! iy
ey

/f
-’I///l’.

/
Ty

7 Uy
7y

///l”/

X,

@

8 \\"'\\\\\
\_\\&\\\\ N

\ 1\ e\

\ e
R 4

4 Vi /f
% 1/ LI

w A 3
Hgpe 41100 | (AEAV:
"m0y yum )

> 3500000

4500000 400000

COGs, Clusters of Orthologous Groups database.
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Nitrophenyl-Bp-galactopyranoside, L-arabinose, b-mannose, D-
mannitol, N-acetyl-glucosamine, p-maltose, potassium gluco-
nate, capric acid, adipic acid, malic acid, trisodium citrate and
phenylacetic acid were not assimilated.

When assayed with the APl ZYM system, alkaline phospha-
tase, esterase (C4), esterase lipase (C8), acid phosphatase and
naphthol-AS-Bl-phosphohydrolase had an enzymatic activity,
but lipase (C14), leucine arylamidase, valine arylamidase, cystine
arylamidase, trypsin, a-chymotrypsin, O-galactosidase, -galac-
tosidase, [B-glucuronidase, a-glucosidase, B-glucosidase, N-
acetyl-B-glucosaminidase, a-mannosidase and a-fucosidase had
no activity. Table 2 compares these features with closely related

species.

Antibiotic susceptibility test. Cells were resistant to metronidazole
but susceptible to imipenem, doxycycline, rifampicin, vanco-
mycin, amoxicillin, ceftriaxone, gentamicin, trimethoprim/sul-
famethoxazole, erythromycin, ciprofloxacin, nitrofurantoin,

ampicillin and penicillin.

Fatty acids analysis. The major fatty acids found for this strain
12-methyl-tetradecanoic acid (60%), 14-

methyl-hexadecanoic acid (17%) and |3-methyl-tetradecanoic

were branched:

acid (10%). The most abundant fatty acids were saturated ones
(99%) (Table 3).

Genome properties

The draft genome of strain ES3" is 8 329 771 bp long with
39.19% G+C content (Table 4, Fig. 6). It is composed of 18
scaffolds with 29 contigs. Of the 8303 predicted genes, 8109
were protein-coding genes and 194 were RNAs (20 genes 55
rRNA, two genes 16S rRNA, two genes 23S rRNA and 170
genes tRNA). A total of 5778 genes (71.25%) were assigned a

putative function (by COGs or by NR BLAST). A total of 180
genes (2.22%) were identified as ORFans. The remaining genes
(1748 genes,
21.569%). Table 4 summarizes the genome’s properties.

were annotated as hypothetical proteins
Table 5 presents the distribution of genes into COGs functional

categories.

Genome comparison

We compared the genome sequence of strain ES3" (accession
no. FNMNO00000000) with that of halophilic bacteria close to
our strain: Halobacillus halophilus strain DSM 2266 (HE717023),
Bacillus endophyticus Hbe603 (NZ_CPO11974), Bacillus marisflavi
JCM 11544 (LGUEO0000000), Paenibacillus sabinae T27
(CP004078) and Paenibacillus terrae HPL-003 (CP003107). The
draft genome of strain ES3" (8.32 Mb) was larger than that of
B. endophyticus, B. marisflavi, H. halophilus, P. sabinae and P. terrae
(4.86, 4.31, 4.17, 5.27 and 6.08 Mb respectively). Its G+C
content (39.19%) was smaller than that of B. marisflavi, H. hal-
ophilus, P. sabinae and P. terrae (48.60, 41.82, 52.6 and 46.80%
respectively) but larger than that of B. endophyticus (36.60%).
The gene content of strain ES3" (8303) was larger than that of
B. endophyticus, B. marisflavi, H. halophilus, P. sabinae and P. terrae
(4816, 4319, 4857 and 5396 respectively). However, the dis-
tribution of genes into COGs categories was similar in all
compared genomes (Fig. 7). In addition, strain ES3" shared
more orthologous genes with species belonging to the same
genus (B. endophyticus, B. marisflavi, 1153 and 1151 genes
respectively) than with other species belonging to other genus
(H. halophilus, P. sabinae and P. terrae respectively shared 997,
701 and 725 orthologous genes) (Table 6). The average per-
centage of nucleotide sequence identity ranged from 65.34% to
65.84% at the intraspecies level between strain ES3" and the

© 2018 The Author(s). Published by Elsevier Ltd, NMNI, 23, 28-38

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/

36  New Microbes and New Infections, Volume 23 Number C, May 2018

Number of orthologous proteins shared between

genomes (upper right) and AGIOS values obtained (lower left)

BS BE BM PS PT HH
BS 8118 1153 1151 701 725 997
BE 65.34% 4846 1036 657 717 818
BM 65.84% 62.01% 4356 639 678 822
BS] 57.74% 57.64% 60.32% 4866 735 518
PT 60.05% 60.41% 60.35% 67.59% 5446 528

HH 66.03% 62.50% 61.65% 57.85% 59.29% 4055

The bold represents the total number of orthologous proteins for each species.
AGIOS, average genomic identity of orthologous gene sequences; BE, Bacillus
endophyticus strain Hbe603; BM, Bacillus marisflavi strain JCM |1544; BS, Bacillus salis
strain ES3"; HH, Halobacillus halophilus strain DSM 2266; PS, Paenibacillus sabinae
strain T277; PT, Paenibacillus terrae strain HPL-003.

Pairwise comparison of strain ES3T with other
species using GGDC, formula 2 (DDH estimates based on
identities/HSP length)

BE BM PS PT HH

BS 23.20 +2.38% 19.0 £ 2.30% 30.50 + 2.45% 22.00 + 2.39% 20.40 + 2.32%

BE 26.50 + 2.42% 29.20 + 2.44% 28.50 + 2.44% 29.80 + 2.45%
BM 28.90 + 2.44% 2850 + 2.44% 22.70 + 2.37%
PS 26.00 + 2.41% 29.40 + 2.44%
PT 28.70 + 2.44%

Confidence intervals indicate inherent uncertainty in estimating DDH values from
intergenomic distances based on models derived from empirical test data sets
(which are always limited in size). These results are in accordance with 16S rRNA
(Fig. ) and phylogenomic analyses as well as GGDC results.

BE, Bacillus endophyticus strain Hbe603; BM, Bacillus marisflavi strain JCM 11544; BS,
Bacillus salis strain ES3T; DDH, DNA-DNA hybridization; GGDC, Genome-to-
Genome Distance Calculator; HH, Halobacillus halophilus strain DSM 2266; HSP,
high-scoring segment pairs; PS, Paenibacillus sabinae strain T27; PT, Paenibacillus
terrae strain HPL-003.

two Bacillus species, but it ranged from 57.74% to 60.05% be-
tween strain ES3T and the two other Paenibacillus species.
Similar results were obtained for the analysis of DDH using
Genome-to-Genome Distance Calculator (GGDC) software
(Table 7).

On the basis of the phenotypic properties (Table 2), phyloge-
netic tree (Fig. ), MALDI-TOF MS analyses (Fig. 3), genomic
comparison via taxonogenomics (Tables 6 and 7) and GGDC
results, we propose the creation of Bacillus salis sp. nov., rep-

resented by the type strain ES3".

Bacillus salis (sa’lis, L. gen. n., salis, from ‘salt,” in which
the strain was first identified)

Colonies which grew after 48 hours’ incubation at 37°C on
our homemade culture medium were creamy, smooth, cir-
cular and slightly irregular, and measured 5 to 8 mm in

© 2018 The Author(s). Published by Elsevier Ltd, NMNI, 23, 28-38

diameter. Cells were Gram-positive rods and had a mean
diameter of 1.8 ym and a length of 5.9 um. The strain was
able to form subterminal ellipsoidal spores and was motile
with a single polar flagella. Growth occurred optimally at 37°
C, pH 7.5 and 10% NacCl.

APl 50CH strip testing showed positive reactions for b-
glucose, p-fructose, b-mannose, arbutin, esculin ferric citrate,
salicin, b-maltose, D-saccharose, D-trehalose, melezitose, D-
raffinose and amidon. Negative reactions were recorded for
glycerol, erythritol, b-arabinose, L-arabinose, b-ribose, b-xylose,
L-xylose, p-adonitol, methyl-Bp-xylopyranoside, p-galactose, L-
sorbose, L-rhamnose, dulcitol, inositol, b-mannitol, b-sorbitol,
methyl-ap-mannopyranoside, methyl-ap-glucopyranoside, N-
acetyl-glucosamine, D-cellobiose, inulin, glycogen, xylitol, gen-
tiobiose, D-turanose, b-lyxose, D-tagatose, D-fucose, L-fucose, D-
arabitol, L-arabitol, potassium gluconate, potassium 2-
ketogluconate and potassium 5-ketogluconate, potassium glu-
conate, potassium 2-ketogluconate and potassium 5-
ketogluconate.

API 20NE testing showed positive reactions for esculin ferric
citrate, potassium nitrate, L-tryptophane, b-glucose (fermenta-
tion), L-arginine and urea. Glucose was assimilated. Nitro-
phenyl-Bp-galactopyranoside, L-arabinose, D-mannose, D-
mannitol, N-acetyl-glucosamine, D-maltose, potassium gluco-
nate, capric acid, adipic acid, malic acid, trisodium citrate and
phenylacetic acid were not assimilated.

When assayed with the APl ZYM system, alkaline phospha-
tase, esterase (C4), esterase lipase (C8), acid phosphatase and
naphthol-AS-Bl-phosphohydrolase had an enzymatic activity,
but lipase (C14), leucine arylamidase, valine arylamidase, cystine
arylamidase, trypsin, a-chymotrypsin, O-galactosidase, B-galac-
tosidase, [B-glucuronidase, a-glucosidase, B-glucosidase, N-
acetyl-B-glucosaminidase, a-mannosidase and a-fucosidase had
no activity.

The type strain was sensitive to imipenem, doxycycline,
rifampicin, vancomycin, amoxicillin, ceftriaxone, gentamicin
(500 pg), trimethoprim/sulfamethoxazole, erythromycin, cip-
rofloxacin, nitrofurantoin, ampicillin, penicillin and gentamicin
(15 pg) but resistant to metronidazole (500 pg).

The major fatty acids found for this strain were branched:
12-methyl-tetradecanoic acid (60%), |4-methyl-hexadecanoic
acid (17%) and |3-methyl-tetradecanoic acid (10%). The most
abundant fatty acids were saturated ones (99%). The G+C
content of the genome was 39.19%. The 16S rRNA gene
sequence and whole-genome shotgun sequence of B. salis strain
ES3" were deposited in GenBank under accession numbers
LN827530 and FNMNO0000000O, respectively. The type strain
of Bacillus salis is strain ES3T (= CSUR P1478 = DSM 100598)

and was isolated from salt.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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