
Vol.: (0123456789)

Antonie van Leeuwenhoek         (2026) 119:147  
https://doi.org/10.1007/s10482-026-02359-x

ORIGINAL PAPER

Neobacillus camarae sp. nov. a new bacterium isolated 
from the breast milk of a Senegalese mother breast‑feeding 
a healthy child and genomic description of Neobacillus 
dielmonensis DSM 27844 FF4T and Neobacillus drentensis 
LMG 21831T

Salematou Sarr · Ousmane Ndour · Adama Mbow · Mamadou Beye · Anissa Idrissa Abdoulaye · 
Sara Bellali · Stephane Alibar · Rayan Semmar · Nicolas Orain · George Diatta · Camille Valles · 
Clemence Thiakane · Maryam Tidjani Alou · Cheikh Sokhna · Matthieu Million

Received: 28 January 2026 / Accepted: 8 June 2026 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2026

Abstract  As part of a comprehensive study investi-
gating the breast milk microbiota of healthy and mal-
nourished children through a culturomic approach, 
a novel bacterial strain belonging to the genus Neo-
bacillus was isolated, identified, and characterized 
using a polyphasic strategy. This isolate, designated 
as strain Neobacillus camarae sp. nov. Marseille-
QA0830T, was recovered from the breast milk of a 
mother nursing a healthy infant. Strain Marseille-
QA0830T (= CSUR QA0830T = CECT 31295T) is a 
Gram-stain-positive, non-motile, non-spore-forming 
bacillus, facultatively anaerobic showing optimal 
growth under aerobic conditions but also capable of 
developing in anaerobic environment at temperatures 
ranging from 20 to 45  °C. With a genome size of 

5.83 Mbp, strain Marseille-QA0830T exhibits a G + C 
content of 42.3%. Phylogenetic analysis based on the 
16S rRNA gene revealed a high sequence similar-
ity (98.10%) between strain Marseille-QA0830T and 
Neobacillus niacini NBRC 15566T (= IFO15566). A 
significant genomic divergence was observed through 
digital DNA-DNA hybridization (dDDH), against 
Neobacillus dielmonensis with 26.2% similarity 
well below the 70% threshold for species delinea-
tion. At the same time, rpoB gene analysis indicated 
a distant relationship with Neobacillus drentensis 
LMG 21831T (83.5% similarity). Collectively, these 
genomic data demonstrate that although strain Mar-
seille-QA0830T is phylogenetically closely related to 
N. niacini NBRC 15566T based on 16S rRNA gene 
sequences, it remains distinct at the whole-genome 
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and rpoB levels from previously described species 
within the Neobacillus nomenclature. These findings 
confirm that this isolate represents a unique and pre-
viously undescribed taxon. Consequently, we propose 
the description of the type strain Marseille-QA0830T 
as a new species named Neobacillus camarae sp. nov.

Keywords  Breast milk · Neobacillus camarae 
sp. nov. · New species · Senegal · Severe acute 
malnutrition · Taxonogenomics

Introduction

The genus Neobacillus was recently proposed to 
resolve the polyphyletic nature of the original Bacil-
lus genus, which was long considered a phylogeneti-
cally incoherent group. Originally established in 1872 
by Ferdinand Julius Cohn (Cohn 1872), Bacillus had 
expanded to include nearly 293 species and subspe-
cies by 2020 (Patel and Gupta 2020). Members of 
this group exert a profound impact on human activity, 
ranging from notorious pathogens such as Bacillus 
anthracis and Bacillus cereus (Koehler 2009; Bottone 
2010; Schoeni and Wong 2005) to beneficial species 
for agriculture (B. thuringiensis, B. velezensis) (San-
chis and Bourguet 2009), industrial enzyme produc-
tion (B. subtilis, B. clausii, B. licheniformis and B. 
wakoensis) (Logan and De Vos 2009; Logan 2012; 
Pignatelli and Moya 2009) and as a natural resource 
for plant health and nutrition (Saxena et al. 2020).

In 1991, Ash and al., revealed substantial phylo-
genetic heterogeneity within Bacillus through com-
parative 16S rRNA analysis, highlighting the need 
for a major taxonomic revision (Ash et  al. 1991). 
Subsequently, in 2020, Patel and Gupta identified 36 
molecular markers, specifically conserved signature 
indels (CSIs), which supported the reclassification 
of Bacillus into six new genera: Peribacillus, Alkali-
halobacillus, Cytobacillus, Mesobacillus, Metabacil-
lus, and Neobacillus (Berkeley et al. 1984; Patel and 
Gupta 2020). As of January 2026, the genus Neoba-
cillus comprises 28 validly published species (https://​
lpsn.​dsmz.​de/​genus/​neoba​cillus) according to LPSN, 
2026, represented by the type species Neobacillus 
niacini (Nagel 1991).

While members of this genus are typically iso-
lated from soil, water, and human skin, the present 

report describes an isolate from human breast milk 
in Senegal using a culturomics approach, expending 
our understanding of the biogeographical diversity 
of host-associated Bacillaceae. Phylogenetic and 
whole-genome analyses (ANI: 83.0%, dDDH: 26.2% 
against Neobacillus dielmonensis) firmly place this 
non-motile, non-spore-forming isolate as a novel 
species within the genus Neobacillus. Members of 
this genus are ecologically renowned for their resil-
ience in extreme niches and their distinct capacity to 
degrade recalcitrant organic compounds. This novel 
lineage underscores a highly restricted, special-
ized carbohydrate-metabolic profile, offering a new 
genomic resource to explore the latent biotechnologi-
cal and enzymatic potential within the human micro-
biota. Consequently, we propose the name Neobacil-
lus camarae sp. nov.	

Materials and methods

Ethical considerations and study design

This study was initiated in 2022 following administra-
tive authorization from the National Ethics and Scien-
tific Committee of the Senegalese Ministry of Health 
and Social Action (MSAS; No. 00000233/MSAS/
CNERS/SP, issued on September 11, 2022). The pro-
ject aimed to characterise the breast milk microbiota 
of Senegalese women across four regions (Dakar, 
Podor, Matam, and Niakhar) to identify potential pro-
biotic strains. All procedures were conducted in strict 
accordance with the ethical principles of the Declara-
tion of Helsinki.

Sample collection and logistics

Following written informed consent, breast milk sam-
ples (10–15  mL each) were collected from partici-
pants who met established inclusion criteria. These 
mothers were nursing either healthy or malnour-
ished infants and resided in Niakhar, Senegal. Strain 
Marseille-QA0830T was isolated during this process. 
Initial processing was performed at the Institut de 
Recherche pour le Développement (IRD) laboratory 
in Dakar, where samples were transported at + 4 °C, 
aliquoted into cryovials, and stored at − 80 °C. Sub-
sequently, the samples were shipped on dry ice to the 
Institut Hospitalo-Universitaire (IHU) Méditerranée 
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Infection in Marseille, France, for comprehensive 
culture-based analysis, genomic sequencing, and bio-
logical characterisation.

Isolation and identification of the strain

Strain Marseille-QA0830T was first isolated from 
a breast milk sample of a mother nursing a healthy 
infant using a culturomic approach. The isolate was 
recovered following a 15-day enrichment period 
in BSM Broth (Nutriselect, Basic, Sigma-Aldrich, 
Merck, France, Catalogue N° 90,273) prepared 
according to the manufacturer’s instructions, with 
the pH adjusted to 7.0 ± 0.2 at 25 °C and sterilized by 
autoclave at 121  °C for 15 min; within a blood cul-
ture flask under aerobic conditions. Subsequently, the 
enrichment was subcultured onto Columbia agar sup-
plemented with 5% sheep blood.

Resulting colonies (5–8 per plate) were streaked 
onto fresh blood agar plates and incubated at 37 °C for 
24 h to ensure purity. Multiple identification attempts 
were performed using Matrix-Assisted Laser Desorp-
tion/Ionization Time-of-Flight Mass Spectrometry 
(MALDI-TOF MS) with a Biotyper® Sirius system 
(Bruker, Bremen, Germany). In general, a score ≥ 2 
with a validly published species name indicates a cor-
rect identification, while a score between ≥ 1.7 and 
< 2 ensures genus identification. On the other hand, 
a score < 1.7 is characteristic of poor identification. 
Spectra were acquired and analyzed using the MBT 
Compass software. These spectra were compared 
against the BDAL 9607 MSPs (version 12) data-
base, which contains 12,780 species and is continu-
ously optimized with the MEPHI repository (https://
www/mediterraneeinfection/com/acces-ressources/
base-de-donnees/urm-data-base/).

Phenotypic and biochemical characteristics

Phenotypic characterization of strain Marseille-
QA0830T, including Gram staining, spore-forming 
ability, and catalase and oxidase activities, was con-
ducted following standard microbiological proce-
dures (Atlas and Snyder 2011). To determine optimal 
growth conditions, the strain was inoculated onto 
Columbia agar supplemented with 5% sheep blood 
(bioMérieux, Craponne, France) and incubated for 
72  h across a temperature range of 20  °C to 56  °C 

(20 °C, 28 °C, 37 °C, 45 °C, and 56 °C). Growth was 
further assessed under various atmospheric condi-
tions: aerobic, anaerobic (using GasPak EZ gas gen-
erators; Becton Dickinson, New Jersey, USA), and 
microaerophilic. Optimal pH for growth and NaCl 
tolerance (at concentrations of 5%, 7.5%, 10%, 15%, 
and 20%) were evaluated using specific media with 
pH values ranging from 5.0 to 8.5.

Various enzymatic activities and metabolic path-
ways were determined using API ZYM, API 50CH, 
and API 20NE strips according to the manufac-
turer’s instructions (bioMérieux, Marcy-l’Étoile, 
France). These standardized phenotypic and bio-
chemical assays were supplemented with modern 
descriptive procedures combining MALDI-TOF mass 
spectrometry (Bruker, Bremen, Germany), Next-
Generation Sequencing (Illumina Miseq), gas chro-
matography (using fatty acid profiling) and morpho-
logical description via electron microscopy (Hitachi, 
Tokyo, Japan), in order to ensure a comprehensive 
characterization.

Antibiotic susceptibility was evaluated using the 
disk diffusion method in accordance with EUCAST 
2025 guidelines (http://​www.​eucast.​org/). The fol-
lowing antibiotics were tested: amoxicillin, amikacin, 
ceftazidime, ceftriaxone, ciprofloxacin, clindamycin, 
daptomycin, doxycycline, gentamicin, imipenem, 
linezolid, nitrofurantoin, oxacillin, rifampicin, teico-
planin, tobramycin, sulfamethoxazole/trimethoprim, 
and vancomycin. Minimum inhibitory concentra-
tions (MICs) were subsequently determined following 
established recommendations (Matuschek et al. 2018; 
CLSI 2018).

Fatty acid analysis

Cellular fatty acid methyl esters (FAMEs) were ana-
lyzed by Gas Chromatography-Mass Spectrometry 
(GC–MS). Samples were prepared using approxi-
mately 50 mg of bacterial biomass per tube, harvested 
from multiple culture plates. FAMEs were prepared 
according to the protocol described by Sasser (2006), 
and GC–MS analyses were conducted following 
previously established methods (Dione et  al. 2016). 
Briefly, fatty acid methyl esters were separated using 
an Elite 5-MS column and monitored by mass spec-
trometry (Clarus 500–SQ 8 S, PerkinElmer, Courta-
boeuf, France). The spectral database search was 
performed using MS Search 2.0, utilizing the NIST 

http://www.eucast.org/
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standard reference 1A (Gaithersburg, USA) and the 
FAME mass spectral reference library (Wiley, Chich-
ester, UK).

Morphological characterisation by scanning electron 
microscopy

The morphological characteristics of strain Marseille-
QA0830T were investigated using scanning elec-
tron microscopy (SEM) with a SU5000 instrument 
(Hitachi, Tokyo, Japan). Fresh colonies were initially 
fixed in 2.5% glutaraldehyde (Electron Microscopy 
Sciences, USA) prepared in 0.1 M sodium cacodylate 
buffer (Thermo Fisher Scientific, USA). Following 
fixation, cell suspensions were deposited onto glass 
slides via cytocentrifugation at 800  rpm for 7  min 
using a Cytospin 4 centrifuge (Thermo Electron Cor-
poration—Shandon, UK).

To enhance cellular contrast and optimize image 
resolution, the samples were stained with 10% phos-
photungstic acid (PTA), pH 7.4 (Sigma-Aldrich, St. 
Louis, MO, USA) for 5 min. Subsequently, the speci-
mens were sputter-coated with platinum-palladium 
using an MC1000 ion sputter coater (Hitachi, Tokyo, 
Japan). SEM micrographs were acquired at magni-
fications ranging from 1000× to 20,000×. Detailed 
acquisition parameters, including instrument model, 
acceleration voltage, magnification, working distance, 
and detection mode, are provided for each individual 
micrograph.

Genome extraction, sequencing and assembly

To extract genomic DNA (gDNA), the strain was first 
suspended in 160  µL of G2 buffer (EZ1 DNA Tis-
sue Kit, Qiagen) and subjected to mechanical lysis 
with glass beads (G4649-500 g, Sigma) using a Fast-
Prep-24™ 5G homogenizer (MP Biomedicals) at 
a speed of 6.5  m/s for 90  s. This step was followed 
by a 30-min incubation after the addition of 40  µL 
of lysozyme (Sigma). DNA was then extracted into a 
50 µL eluate using the EZ1 DNA Tissue Kit (Qiagen) 
on the EZ1 Advanced XL automated workstation. 
gDNA was quantified using the Qubit dsDNA High 
Sensitivity Assay Kit (Thermo Fisher Scientific).

Sequencing was performed using MiSeq tech-
nology (Illumina Inc., San Diego, CA, USA) with a 
paired-end strategy. Libraries were prepared using the 
Nextera XT DNA Library Preparation Kit (Illumina). 

Briefly, gDNA was fragmented and tagged with 
adapters (‘tagmented’) before being amplified by 
limited-cycle PCR (12 cycles) to incorporate dual-
index barcodes. The libraries were purified using 
AMPure XP beads (Beckman Coulter Inc., Fullerton, 
CA, USA) and normalized according to the Nextera 
XT protocol. Sequencing was conducted on a MiSeq 
instrument using the MiSeq Reagent Kit v2 (500 
cycles), performing 2 × 250 bp paired-end reads.

To improve assembly quality, long-read sequenc-
ing was performed using GridION technology 
(Oxford Nanopore Technologies [ONT], UK). 
According to the manufacturer’s instructions 
(NBE_9065_v109_revAP_14Aug2019), Nanopore 
libraries were prepared from 1000 ng of gDNA using 
the Native Barcoding Kit (EXP-NBD104/114) and 
the Ligation Sequencing Kit (SQK-LSK109). DNA 
repair and end-prep were performed using the NEB-
Next Ultra II End Repair/dA-Tailing Module and the 
NEBNext FFPE DNA Repair Mix (New England 
Biolabs [NEB]). Following purification and barcode 
ligation with the Blunt/TA Ligase Master Mix (NEB), 
adapters were ligated using the NEBNext Quick Liga-
tion Module (NEB). After final purification, 12  µL 
of the library (maximum 430  ng) was loaded onto 
an R9.4.1 flow cell and sequenced on the GridION 
platform.

Genomic analysis

The quality of the raw sequencing data generated 
by the MiSeq platform was assessed using FastQC 
v0.11.9 (Andrews 2010). To improve overall read 
quality, low-quality bases were removed using Trim-
momatic v0.39 (Bolger et  al. 2014). For Oxford 
Nanopore Technologies (ONT) data, NanoPlot was 
utilized to monitor read quality and length distribu-
tion, while Filtlong (https://​github.​com/​rrwick/​Filtl​
ong) facilitated the selection of high-quality ONT 
reads based on length and quality scores. Hybrid 
assembly of the filtered reads was performed using 
Unicycler v0.4.8 (Wick et al. 2017). Contig sequences 
shorter than 800 bp were removed to eliminate poten-
tial contaminants (Ndongo et al. 2020).

Genome annotation was conducted using Prokka 
v1.13 (Seemann 2014). To assign putative func-
tions, predicted bacterial protein sequences were 
compared against the GenBank (Benson et  al. 

https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
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2018) and Clusters of Orthologous Groups (COG) 
(Galperin et  al. 2015) databases using BLASTP 
(Altschul et  al. 1990). Signal peptides were pre-
dicted using SignalP (Teufel et al. 2022), and trans-
membrane helices were detected with TMHMM 
(Krogh et  al. 2001). Antibiotic resistance genes 
were screened using Abricate (https://​github.​com/​
tseem​ann/​abric​ate), and CRISPR-Cas systems were 
identified via CRISPRCasFinder (Couvin et  al. 
2018).

For species delineation, digital DNA-DNA 
hybridization (dDDH) values were calculated using 
the Type (Strain) Genome Server (TYGS) online 
tool (Meier-Kolthoff et  al. 2019), applying the 
standard 70% similarity threshold (Stackebrandt 
et al. 2002; Wayne et al. 1987). Furthermore, Aver-
age Nucleotide Identity (ANI) between genomes 
was estimated using Pyani to assess pairwise 
genomic relatedness between isolates (Pritchard 
et  al. 2016). Finally, the genome was visualized 
using CGView (Grant et  al. 2012). Taxonomic 
classification of genomes was conducted using 
GTDB-Tk (Genome Taxonomy Database Toolkit) 
(Chaumeil et  al. 2019) with the GTDB database 
(release 226 (2026-02-25)), following default 
parameters (Parks et al. 2018).

Phylogenetic analysis

The phylogenetic distribution of the Neobacil-
lus genomes in this study was assessed by align-
ing sequences with Mugsy version 1.2.3 (Angly 
et al. 2012). Evolutionary analyses were performed 
using IQ-TREE2 version 2.2.0 with the Maximum 
Likelihood method, applying the General Time 
Reversible (GTR) model (Minh et al. 2020). Boot-
strap testing (1000 replicates) was used to evalu-
ate branch support, and the percentage of replicate 
trees in which the associated taxa clustered together 
is indicated alongside the branches (Felsenstein 
1985). The resulting phylogenetic tree was visual-
ized using iTOL (Letunic and Bork 2019).

Strain analysis by integrated microbial NGS 
platform (IMNGS)

To assess the prevalence and abundance of strain 
Marseille-QA0830T across diverse human and animal 
metagenomes, its 16S rRNA gene sequence was sub-
mitted to the Integrated Microbial Next-Generation 
Sequencing (IMNGS) platform (https://​www.​imngs.​
org; last accessed in December 2025). The screen-
ing parameters were set at a 99% similarity threshold 
for the 16S rRNA gene sequence, with a minimum 
requirement of 100 base pairs for the metagenomic 
sequences. Metagenomes in which the sequence was 
detected at least once were selected, and the relative 
frequency across human metagenomes was subse-
quently calculated (Lagkouvardos et al. 2016).

Results and discussion

Growth conditions and phenotypic and biochemical 
characteristics

Macroscopic observation during microbial diagnosis 
revealed well-isolated, circular, convex, and translu-
cent colonies with regular margins, a smooth surface, 
and mucoid consistency. Microscopic examination 
after Gram staining showed that strain Marseille-
QA0830T consists of Gram-stain-positive, non-
motile, non-spore-forming, rod-shaped cells with 
average dimensions of 5.4 µm in length and 2.9 µm in 
diameter (Fig. 1, Table 1). The strain is a facultative 
anaerobe, capable of growth under aerobic, micro-
aerophilic (at 28 °C and 37 °C), and anaerobic condi-
tions, with optimal growth observed at 37  °C under 
aerobic conditions on Columbia agar supplemented 
with 5% sheep blood (COS; bioMérieux, Marcy-
l’Étoile, France). Strain Marseille-QA0830T grew 
in media with a pH range of 5.0–7.5; however, no 
growth was observed in saline culture media (at con-
centration 5%, 7.5%, 10%, 15% and 20%). The isolate 
tested positive for catalase and negative for oxidase 
(Table 2).

Biochemical characterization using API 50 
CHB strips revealed that strain Marseille-QA0830T 
was unable to metabolize carbohydrates such as 
D-glucose, D-galactose, D-trehalose, gentiobiose, 
D-xylose, L-arabinose, D-mannose, arbutin, inu-
lin, starch, and salicin. Furthermore, tests for 

https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://www.imngs.org
https://www.imngs.org
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arginine dihydrolase, urease, and esculin hydroly-
sis (β-glucosidase) were negative (Table  2). This 
restricted metabolic profile reflects the low enzy-
matic activity characteristic of this genus, as previ-
ously documented in the literature (Lo et al. 2015; 
Mbaye et al. 2021). Regarding the API ZYM strips, 
positive enzymatic reactions were observed for 
alkaline phosphatase, esterase (C4), esterase lipase 
(C8), leucine arylamidase, valine arylamidase, 
acid phosphatase, α-glucosidase, β-glucosidase, 
β-galactosidase, β-glucuronidase, and naphthol-
AS-BI-phosphohydrolase (Table 3).

Fatty acids analysis

The cellular fatty acid composition analysis revealed 
that branched-chain fatty acids (BCFAs) accounted 
for more than 80% of the total composition. The pre-
dominant structures identified were the anteiso and 
iso forms of pentadecanoic acid (C15:0), representing 
28.0% and 20.4% of the total, respectively. Hexade-
canoic acid (C16:0) was the primary unbranched sat-
urated fatty acid identified, at 12.4%. Additionally, 
trace amounts of other saturated and unsaturated fatty 
acids were detected (Table 4).

Fig. 1   Morphological structure of the Neobacillus camarae sp. Marseille-QA0830T strain, revealed by the SU5000 scanning elec-
tron microscope (Hitachi High-Tech, Japan). Parametric details of the cells are shown in the figures
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Antibiotic tests analysis

The antibiotic susceptibility profiles for strain 
Marseille-QA0830T, determined using the disk 
diffusion method (Gaur et  al. 2023) in accordance 
with EUCAST 2025 guidelines, are summarized in 
Table  5. In the absence of specific clinical break-
points for the recently described genus Neobacil-
lus, we compared our MIC values against the rec-
ommendations applicable to Bacillus spp. (CLSI 
M45). However, these results should be interpreted 

with caution, establishing reliable clinical break-
points and distinguishing between intrinsic and 
acquired resistance in the Marseille-QA0830T 

Table 1   Characteristic between (1) Neobacillus  camarae sp. 
nov. Marseille-QA0830T and strains of closely related (2) Neo-
bacillus dielmonensis sp. nov. DSM 27844 FF4T; Neobacillus 
niacini strain NBRC 15566T

Data taken from description of Neobacillus dielmonensis sp. 
nov
DSM 27844 FF4T (Lo et al. 2015)
Nagel and Andreesen (1991); Bergey’s Manual of Systematic 
Bacteriology
(+) correspond to positive reaction, (−) correspond to negative 
reaction, (NA) correspond to data not available

Characteristic (1) (2) (3)

Cell shape Rod-shaped Rod-shaped Rod-shaped
Cell diameter (μm) 3.8–6.7 2.6–5.8 2.0–4.0
Color Translucent White White cream
Oxygen requirement Aerobic Aerobic Aerobic
Gram stain + + +
Flagellation − + +
Endospore forma-

tion
− − +

Growth at/on
25° + − +
28° + − +
37° + + +
45° + + +
56° − − −
pH 5 − − −
pH 6 + − −
pH 7 + + +
pH 8,5 − − −
NaCl 5% − − −
NaCl 7,5% − NA −
NaCl 10% − NA −
NaCl 15% − NA −
NaCl 20% − NA −
Pathogenicity Unknown Unknown Unknown
Habitat Milk Human skin Soil

Table 2   Biochemical tests performed observed between 
(1) strains Neobacillus camarae sp. Marseille-QA0830T and 
strains of closely related (2) Neobacillus dielmonensis sp. nov. 
DSM 27844 FF4T; Neobacillus niacini strain NBRC 15566T

( +) means positive reaction; (−) means negative reaction; NA 
means data not available
Data taken from description of Neobacillus  dielmonensis sp. 
nov. DSM 27844 FF4T (Lo and al. 2015)

Phenotypic characteristics (API 50 CHB) 1 2 3

Utilisation of
D-glucose – – NA
D-xylose – – NA
L-arabinose – – NA
D-galactose – – NA
D-mannose – – NA
Arbutin – – NA
Citrate – – NA
Salicin – – NA
D-tréhalose – – NA
Amidon – – NA
Gentiobiose – – NA
Production of
Dihydrolase arginine – – NA
N-acetyl-D-glucosamine – – NA
Urease – – NA
D-fructose – – NA
Maltose – – NA
Orthinine décarboxylase – – NA
Lysine decarboxylase – – NA
Hydrogen Sulfide – – NA
Tryptophan desaminase – – NA
Indole – – NA
D-arabinose – – NA
D-arabitol – – NA
L-arabitol – – NA
Dulcitol – – NA
erythritol – – NA
L-xylose – – NA
L-sorbose – – NA
Xylitol – – NA
2-keto-D-gluconate – – NA
D-tagatose – – NA
Methyl D-xyloside – – NA
Hydrolyse β-glucosidase (ESC) –  +  NA
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strain will require analysis of a larger cohort in 
future studies.

Strain identification

Following multiple unsuccessful identification 
attempts using MALDI-TOF MS, which yielded 
scores consistently below 1.39, assuming that the 
spectrum of the isolate was determined to be absent 
from the reference database, suggesting a poten-
tially novel or undocumented species. Consequently, 
whole-genome sequencing of strain Marseille-
QA0830T was performed to establish its definitive 
taxonomic status.

First, the 16S ribosomal RNA (rRNA) gene 
sequence was extracted and analyzed. A BlastN 

search against the GenBank database revealed 
that strain Marseille-QA0830T exhibits a 98.10% 
sequence similarity to Neobacillus niacini NBRC 
15566T (NR_113777.1) (Table  6). Phylogenetic 
analysis based on the 16S rRNA confirmed that the 
isolate clusters robustly within the genus Neobacil-
lus, distinct from its closest validly published neigh-
bors, with Cytobacillus formosensis CC-LY275T 
serving as a stable outgroup (Fig. 2).

To complete the 16S rRNA analysis, which 
can exhibit high sequence conservation within 
the Bacillaceae, an evaluation of the rpoB gene 
sequence was carried out as a secondary phylo-
genetic marker. The rpoB gene sequence analysis 
showed a low similarity of 83% with Neobacillus 
drentensis, further verifying a significant evolution-
ary distance at the species level (Table 6).

Table 3   Comparison of enzymatic diversity between strain 
Neobacillus camarae sp. Marseille-QA0830T (1) and strains of 
closely related (2) Neobacillus dielmonensis DSM 27844 FF4T 
and Neobacillus niacini NBRC 15566T

 + means positive reaction;− means negative reaction; NA 
means data Not Available
Data taken from description of Neobacillus dielmonensis sp. 
DSM 27844 FF4T (Lo and al. 2015)

Enzyme activity using API ZYM (1) (2) (3)

Catalase  +   +   + 
Cytochrome oxydase − −  + 
Phosphatase alcaline  +   +  NA
Esterase  +   +  NA
Esterase lipase  +   +  NA
Lipase − − NA
Leucine arylamidase  +  − NA
Valine arylamidase  +  − NA
Cystine arylamidase − − NA
Trypsine − − NA
α-chymotrypsine − − NA
Phosphatase acid  +   +  NA
Naphtol-AS-BI-phosphohydrolase  +   +  NA
α-galactosidase − − NA
β-galactosidase  +   +  NA
β-glucuronidase  +   +  NA
α-glucosidase  +   +  NA
β-glucosidase  +   +  NA
N-acétyl-β-glucosaminidase − − NA
α-mannosidase − − NA
α-fucosidase − − NA

Table 4   Analysis of cellular fatty acid components (%) in the 
(1) Neobacillus camarae sp. Marseille-QA0830T strain com-
pared to the closest species related (2) Neobacillus dielmonen-
sis DSM 27844 FF4T

ͣMean peak area percentage, TR = trace amounts < 1%, All data 
taken from cellular fatty acid methyl ester (FAMEs) analysis of 
this study

Fatty acid Names Mean relative % ͣ

1 2

C15:0 anteiso 12-methyl-tetradecanoic 
acid

28.0 ± 0.2 24.0 ± 0.2

C15:0 iso 13-methyl-tetradecanoic 
acid

20.4 ± 2.9 51.2 ± 1.0

C14:0 iso 12-methyl-tridecanoic acid 18.4 ± 0.4 2.9 ± 0.1
C16:0 iso 14-methyl-pentadecanoic 

acid
14.1 ± 0.9 3.7 ± 0.4

C16:0 Hexadecanoic acid 12.4 ± 1.8 4.5 ± 0.2
C5:0 iso 3-methyl-Butanoic acid - 3.0 ± 0.2
C18:0 Octadecanoic acid 1.7 ± 0.1 1.5 ± 0.2
C17:0 anteiso 14-methyl-hexadecanoic 

acid
1.3 ± 0.1 TR

C18:2n6 9,12-Octadecadienoic acid TR TR
C18:1n12 6-Octadecenoic acid TR 1.3 ± 0.1
C17:0 iso 15-methyl-hexadecanoic 

acid
TR 2.5 ± 0.1

C14:0 Tetradecanoic acid TR TR
C17:0 Heptadecanoic acid TR TR
C16:0 anteiso 13-methyl-pentadecanoic 

acid
TR –

C15:0 Pentadecanoic acid TR TR
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Genomic comparison

The genome of strain Marseille-QA0830T is 
5.83  Mbp long with a G + C content of 42.35% 
(Table  S1). The genome comprises a total of 
5451 genes, including 136 tRNAs and 44 rRNAs 
(Table  S1). To resolve the taxonomic status of the 
isolate within the genus Neobacillus, comprehen-
sive pairwise genomic comparisons were performed 
against twenty-four closely related validly published 
strains.

The 16S rRNA gene sequence analysis showed a 
high similarity of 98.10% between strain Marseille-
QA0830T and Neobacillus niacini strain NBRC 
15566T (Table  6). At the same time, the resolu-
tion using the rpoB marker revealed a significantly 
lower similarity of 83.53% with Neobacillis dren-
tensis LMG 21831T highlighting a phylogenetically 
distant relationship (Table  S3). The divergence was 
definitively confirmed at the whole-genome level 
using Overall Genome Relatedness Indices (OGRI). 
Genomic comparisons revealed a digital DNA-DNA 

Table 5   Antibiotic 
susceptibility profile of 
Neobacillus camarae sp. 
strain Marseille-QA0830T

* Reference ranges are based 
on CLSI M45 criteria for 
Bacillus spp. Other than B. 
anthracis. These values are 
provided for informative 
purposes only and should 
not be considered formal 
S/I/R clinical breakpoints 
for genus Neobacillus

Antibiotics (µg/mL) Neobacillus 
camarae 
sp.
QA0830T

CLSI M45 Break-
point*
(S) ≤ 

CLSI M45 
Breakpoint*
(R) ≥ 

Amikacin (AK) 0.5 8 32
Amoxicillin (AC) 0.064 0.25 0.5
Benzylpenicillin (PG) 0.032 0.12 0.25
Ceftazidim (TZ) > 256 8 32
Ceftriaxon (TX) 0.5 8 64
Ciprofloxacin (CI) 0.064 1 4
Clindamycin (CM) < 0,002 0.5 4
Daptomycin (DPC) 0.125 1 –
Doxycyclin (DC) < 0,004 4 16
Gentamycin (GM) < 0,0016 4 16
Imipenem (IP) < 0,05 4 16
Linezolid (LZ) 0.125 4 –
Nitrofurantoin (NI) 0.25 32 128
Oxacillin (OX) 0.125 2 4
Rifampicin (RI) 0.32 1 4
Teicoplanin (TP) < 0,001 8 32
Tobramycin (TM) > 256 4 16
Trimethoprimsulmétoxazole (TS) 0.006 2/38 4/76
Vancomycin (VA) > 256 4 –

Table 6   Summary of 16S rRNA Similarity Results and LPSN Validation

* rpoB N. drentensis sequence was extracted from the whole-genome assembly

Strains Analysis Best BLASTN hit % Identity % Coverage Accession number LPSN Status

Neobacillus camarae sp. 
Marseille_QA0830T

16S rRNA Neobacillus niacini CIP 
104585T(= IFO 15556T)

98.10 100 NR_024695 Valid name

Neobacillus camarae sp. 
Marseille_QA0830T

16S rRNA Neobacillus dielmonensis 
DSM 27844 FF4T

97.33 100 NR_178429 Valid name

Neobacillus camarae sp. 
Marseille_QA0830T

rpoB Neobacillus drentensis LMG 
21831T

83.53 100 CP040523.1 Valid name

Neobacillus camarae sp. 
Marseille_QA0830T

dDDH Neobacillus dielmonensis 
DSM 27844 FF4T

26.2 NA NR_178429 Valid name
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hybridization (dDDH) value of only 26.2% (Fig.  3) 
and an Average Nucleotide Identity (ANI) value of 
83.0% (Fig.  4) against its closest genomic neighbor, 

Neobacillus dielmonensis FF4T. Both values fall dras-
tically short of the universally recognized species 
delineation thresholds (70% for dDDH and 95–96% 

Neobacillus ginsengisoli strain DCY53T (NR_109068.1)
Neobacillus notoginsengisoli strain SYP-B691T (NR_157737.1)
Neobacillus citreus strain FJAT-50051T (MZ144021.1)
Neobacillus terrae strain C11T (MN620419.1)
Neobacillus sedimentimangrovi strain FJAT-2464T (NR_181062.1)
Neobacillus kokaensis strain LOB377T (NR_179342.1)
Neobacillus piezotolerans strain YLB04T (NR_179964.1)
Neobacillus massiliamazoniensis strain LF1T (NR_147372.1)
Neobacillus paridis strain YIM_B02564T (NR_159239.1)
Neobacillus endophyticus strain BRMEA1T (NR_179330.1)
Neobacillus dielmonensis strain FF4T (NR_117311.1)
Neobacillus jeddahensis strain JCET (NR_148243.1)
Neobacillus cucumis strain AP-6T (NR_148611.1)
Neobacillus vireti strain NBRC_102452T (NR_114096.1)
Neobacillus mesonae strain FJAT-13985T (NR_133976.1)
Neobacillus fumarioli strain NBRC_102428T (NR_043063.1)
Neobacillus novalis strain NBRC_102450T (NR_043084.1)
Neobacillus drentensis strain IDA1967T (NR_024694.1)
Neobacillus bataviensis strain NBRC_102449T (NR_043083.1)
Neobacillus pocheonensis strain Gsoil_420T (NR_043515.1)
Neobacillus camarae strain Marseille-QA0830T
Neobacillus niacini strain NBRC_15566T (NR_024695.1)
Neobacillus soli strain NBRC_102451T (NR_043085.1)
Cytobacillus formosensis strain CC-LY275T (NR_148287.1)
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Fig. 2   Phylogenetic tree based on 16S rRNA gene sequences showing the position of Neobacillus camarae sp. Marseille-QA0830T 
within the genus Neobacillus. GenBank access numbers for 16S rRNA were in brackets

Neobacillus vireti LMG 21834T (NZ_CP045311)
Neobacillus novalis NBRC 102450T (NZ_KV440951)
Neobacillus rhizosphaerae CIP 111895T (NZ_CAKJTG010000000)
Neobacillus bataviensis LMG 21833T (NZ_AJLS01000001)
Neobacillus jeddahensis JCET (NZ_CCAS010000000)
Neobacillus drentensis NBRC 102427T (NZ_KV440952)
Neobacillus phoenicis 1P10SDT (NZ_CP154847)
Neobacillus ginsengisoli DSM 27594T (NZ_JAUSTW010000000)
Neobacillus canaveralius 3P2-tot-E-2T (NZ_JBDFLL010000000)
Neobacillus niacini NBRC 15566T (NZ_CP183883)
Neobacillus rhizophilus FJAT-49825T (NZ_JAGYPF010000001)
Neobacillus endophyticus BRMEA1T (NZ_CP041416)
Neobacillus dielmonensis FF4T (NZ_HG942011)
Neobacillus muris DSM 110989T (NZ_CP040443)
Neobacillus camarae Marseille-QA0830T (JBUCKX000000000)
Cytobacillus formosensis CC-LY275T (NZ_CP017643)
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Fig. 3   Maximum-likelihood phylogenomic tree based on core genome sequences, illustrating the relationship between strain Neoba-
cillus camarae sp. Marseille-QA0830T and related species of the genus Neobacillus. GenBank access numbers were in brackets
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for ANI), confirming that strain Marseille-QA0830T 
represents a genomic distinct novel taxon.

The functional distribution of Coding Sequences 
(CDS) into clusters of Orthologous Groups (COG) 
categories was analyzed to evaluate specific ecologi-
cal adaptations (Fig.  5, Table  S3). Strain Marseille-
QA0830T exhibits a robust metabolic backbone, 
particularly enriched in amino acid transport and 
metabolism [E] (9.2%) and carbohydrate metabo-
lism [G] (8.5%). Interestingly, comparative functional 
analysis with its closest phylogenetic neighbours 
demonstrated a distinct enrichment in transcription 
and regulatory mechanisms [K], representing 7.95% 

of its genome compared to 6.51% in N. drentensis 
LMG 21831T. This functional divergence, although 
subtle, supports its ability to adapt to fluctuating 
environmental or hort-associated conditions and cor-
relates with its unique specialized phenotypic profile 
(Fig. 6).

IMNGS analysis of the strain Neobacillus camarae 
sp. nov. Marseille‑QA0830T

IMNGS analysis demonstrated the presence of 
the isolate across various human metagenomes. 

Fig. 4   Heatmap of digital DNA–DNA hybridization (dDDH, formula d4) among Neobacillus camarae sp. nov. Marseille-QA0830T, 
and closely Neobacillus reference species
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Specifically, detection frequencies were 0.054% 
in human-associated samples (3,222/6,012,454), 
0.053% in skin (480/911,950), 0.01% in the oral cav-
ity (48/499,706), 0.11% in the gut (6,991/6,088,359), 
0.013% in the nasopharynx (498/3,957,055), 
0.14% in milk (592/416,515), and 0.14% in the 
lungs (Table  S4). The presence of strain Marseille-
QA0830T in these diverse metagenomes suggests a 
potential, albeit minimal, role in the human micro-
biome. Furthermore, these data indicate a possible 
vertical transmission route or dissemination from 
the oral cavity or the mammary glands to the infant’s 
digestive tract (Rodriguez 2014).  However, a geo-
graphical specificity with higher prevalence in Sen-
egal and West Africa can’t be excluded.

Discussion

The phenotypic, phylogenetic, and taxonomic analy-
ses conducted on strain Marseille-QA0830T allow 
for its clear differentiation from all other validly pub-
lished species within the genus Neobacillus. Isolat-
ing this novel taxon from a human sample in Senegal 

is highly consistent with the local history of micro-
bial culturomics. Notably, the very first novel spe-
cies described via this high-throughput method was 
a member of the Bacillaceae family (Oceanobacillus 
massiliensis) discovered in the fecal flora of a healthy 
individual from the Dielmo and N’Diop regions 
(Roux et  al. 2013), close to where Neobacillus diel-
monensis was later isolated (Lo et  al 2015). Recent 
biogeographical cohorts confirm a distinct bacterial 
“fingerprint” or regional enrichment of Bacillus-
related genera in human breast milk and gut samples 
across West African regions, including Senegal and 
the Gambia, when compared to European or Ameri-
can cohorts (Lackey et al. 2019; Sun et al. 2025).

Beyond its biogeographical interest, a striking 
feature of strain Marseille-QA0830T is its highly 
restricted biochemical and carbohydrate-fermenta-
tion profile. While the genus type species Neobacil-
lus niacini NBRC 15566T is also known to be rela-
tively asaccharolytic, strain Marseille-QA0830T is 
entirely inert across the vast majority of standard 
API 50 CHB substrates, including key structural hex-
oses like D-glucose and D-galactose. This phenotype 
strongly correlates with its genomic infrastructure. 

Fig. 5   Comparative heatmap of Average Nucleotide Identity (ANI) among Neobacillus strains and closely reference species
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Genus-wide genomic comparative metrics (ANI at 
83.0% and dDDH at 26.2% with N. dielmonensis) 
reveal a significant reduction or divergence in stand-
ard carbohydrate transport systems. This contrasts 
with its large genome (5.8 Mbp).  Instead, the sur-
vival of strain Marseille-QA0830T in highly competi-
tive niches like human milk or the gut likely relies on 
alternative metabolic strategies, such as the catabo-
lism of specific amino acids or organic acids, which 
is a common trait among specialized endospore-form-
ing Bacillaceae.

From an ecological and biotechnological stand-
point, members of the genus Neobacillus (for-
merly part of the Bacillus rRNA group 5) are well-
documented for their exceptional environmental 

robustess and enzymatic potential. Many Neobacil-
lus species harbor specialized genetic pathways for 
the degradation of recalcitrant aromatic compounds, 
xenobiotics, or complex environmental polymers, 
alongside the secretion of highly stable extracellu-
lar hydrolases. Although strain Marseille-QA0830T 
displayed a restricted response  to stress, oxidase 
stress tolerance, and nutrient scavenging. Given that 
related Neobacillus lineages are actively screened 
for the production of thermostable enzymes or sec-
ondary metabolites with antimicrobial properties, 
the isolation and genomic sequencing of Neoba-
cillus camarae strain Marseille-QA0830T opens 
insteresting avenues. Future functional multi-omics 
studies under specific inductive substrates will be 
essenstial to fully resolve its accurate  ecological 

Fig. 6   Functional distribution of coding sequences (CDSs) among COG categories in Neobacillus camarae sp. Marseille-QA0830T 
and closely strains
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role within the human-associated microbiota and to 
unveil its latent biotechnological applications.

Conclusion

In this study, a comprehensive polyphasic taxonomic 
approach was successfully employed to define the 
evolutionary and taxonomic status of strain Marseille-
QA0830T. The integration of single-gene phylogeny, 
core-genome phylogenomics, and comparative phe-
notypic profiles provides unequivocal evidence that 
this isolate represents a distinct maternal lineage 
within the genus Neobacillus. While 16S rRNA gene 
sequence analysis firmly anchored the strain within 
the Neobacillus cluster, exhibiting a 98.10% similarity 
to the genus type Neobacillus niacini NBRC 15566T 
whole-genome relatedness indices provided defini-
tive resolution regarding its status as a novel taxon. 
The dDDH value (26.2%) and ANI score (83.0%) 
obtained against its closest genomic neighbor, Neoba-
cillus dielmonensis FF4T, stand drastically below the 
universally accepted thresholds for bacterial species 
delineation (70% and 95–96% respectively).

Crucially, this clear genomic divergence is per-
fectly mirrored by unique physiological and bio-
chemical traits, most notably the strain’s lack of 
motility, lack of endospore formation under standard 
conditions, and an unreactive carbohydrate profile 
that clearly distinguishes it from both its phylog-
enomic neighbors and the genus type species.

In conclusion, the robust congruence between 
phenotypic limitations, single-gene markers (rpoB), 
and definitive whole-genome restrictions fully justify 
the circumscription of this isolate as a novel species. 
Consequently, we formally propose the name Neo-
bacillus camarae sp. nov., with Marseille-QA0830T 
(= CSUR QA0830T = CECT 31295T) as the desig-
nated type strain.

Description of Neobacillus camarae sp. nov. 
Marseille‑QA0830T

Named Neobacillus camarae (ca.ma’rae. N.L. gen. 
n. camarae, in honor of Professor Makhtar Camara, 
for his significant contributions to microbiology and 
to  the study of human  microbiota and antimicro-
bial resistance surveillance in Senegal), cells of the 
type strain are Gram-stain-positive, non-motile, and 

non-spore-forming rods, measuring approximately 
5.4 µm in length and 2.9 µm in diameter. Flagella are 
absent. It is a facultative anaerobe, capable of growth 
on Columbia agar supplemented with 5% sheep blood 
under aerobic, microaerophilic, and anaerobic condi-
tions. Growth occurs between room temperature and 
45  °C, with an optimal temperature of 37  °C after 
72 h of incubation. Colonies are well-isolated, circu-
lar, convex, and translucent, characterised by regular 
margins, a smooth surface, and a mucoid consistency. 
The strain grows at pH levels ranging from 5.5 to 7.5 
but shows no tolerance for NaCl.

Using the API 50 CHB system, the strain does not 
ferment carbohydrates, including D-glucose, D-man-
nose, D-trehalose, D-xylose, D-galactose, L-arab-
inose, arbutin, salicin, inulin, starch, or gentiobiose. 
Tests for arginine dihydrolase, urease, and esculin 
hydrolysis (β-glucosidase) are negative. However, 
high enzymatic diversity is observed via API ZYM, 
with positive results for esterase (C4), esterase lipase 
(C8), leucine arylamidase, naphthol-AS-BI-phospho-
hydrolase, and trypsin. It is catalase-positive and oxi-
dase-negative. The cell wall fatty acid composition is 
dominated by branched-chain structures (> 80%), pri-
marily anteiso-C15:0 (28.0%) and iso- C15:0 (20.4%). 
The major unbranched structure is hexadecanoic acid 
(C16:0, 12.4%). The type strain, Neobacillus cama-
rae sp. nov. Marseille-QA0830T (= CECT 31295T), 
was isolated from the breast milk of a healthy breast-
feeding mother in Senegal. The 16S rRNA gene and 
whole-genome sequences are deposited in GenBank 
under accession numbers (JBUCKX000000000).
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