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Abstract
A Gram-positive, aerobic, rod-shaped, spore-forming bacterium, designated  NE201T, was isolated from a freshwater pond 
in Village Nerur, India. Growth was observed in the range of 15–45 °C temperature with optimum at 30 °C, pH range of 
5–9 (optimum at 7.0), and at concentrations of NaCl ranging between 0 and 14% (optimum 0%, w/v). The 16S rRNA gene 
sequence showed the highest similarity with Fictibacillus enclensis NIO-1003T (JF893461) at 99.01% followed by F. rigui 
 WPCB074T (EU939689) at 98.9% and F. solisalsi CGMCC 1.6854T (EU046268) at 98.66%. The digital DNA–DNA hybridi-
zation (dDDH) and orthoANI values for strain  NE201T against F. enclensis NIO-1003T (GCA_900094955.1) were 33.7% 
and 87.68%, respectively. The phylogenetic analysis based on the 16S rRNA gene, 92 core genes derived from the genome, 
and 20 proteins involving over 20,236 amino acid positions revealed the distinct phylogenetic position of strain  NE201T and 
the formation of a clearly defined monophyletic clade with F. enclensis. The strain  NE201T showed a unique carbon utiliza-
tion and assimilation pattern that differentiated it from F. enclensis NIO-1003T. The major fatty acids were anteiso -C15:0 
(51.42%) and iso-C15:0 (18.88%). The major polar lipids were phosphatidylglycerol (PG), phosphatidylethanolamine (PE, 
and diphosphatidylglycerol (DPG). The antiSMASH analyzed genome of  NE201T highlighted its diverse biosynthetic poten-
tial, unveiling regions associated with terpene, non-ribosomal peptide synthetases (NRPS), lassopeptides, NI-siderophores, 
lanthipeptides (LAP), and Type 3 Polyketide Synthases (T3PKS). The overall phenotypic, genotypic, and chemotaxonomic 
characters strongly suggested that the strain  NE201T represents a novel species of genus Fictibacillus for which the name 
Fictibacillus fluitans sp. nov. is proposed. The type strain is  NE201T (= MCC 5285 = JCM 36474).
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Introduction

Traditionally, bacteria that are Gram-positive, aerobic, and 
capable of forming endospores have been classified within 
the genus Bacillus. However, subsequent analyses of 16S 
rRNA gene sequences have unveiled distinct phylogenetic 
lineages within the Bacillus genus (Claus 1986). Conse-
quently, numerous Bacillus species have been subject to 
reclassification and reassignment to other genera. These 
include Alicyclobacillus (Wisotzkey et al. 1992), Salibacil-
lus (Wainø et al. 1999), Marinibacillus (Yoon et al. 2001), 
Lysinibacillus (Ahmed et  al. 2007), Rummeliibacillus 
(Vaishampayan et al. 2009), and few others.

In 2013, Glaeser proposed the creation of a new genus, 
Fictibacillus, based on phylogenetic analysis and lipid pro-
files, as certain Bacillus species formed a monophyletic 
cluster with significantly low sequence similarities (< 94%) 
to the type species of the genus Bacillus, Bacillus subtilis. 
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This reclassification resulted in the renaming of these spe-
cies as Fictibacillus nanhaiensis, Fictibacillus barbaricus, 
Fictibacillus arsenicus, Fictibacillus rigui, Fictibacillus 
macauensis, Fictibacillus solisalsi, and Fictibacillus gela-
tine (Glaeser et al. 2013). Currently, the genus Fictibacillus 
comprises total 12 validly published species. During our 
investigation of bacterial diversity from a freshwater pond, 
we discovered a Gram-stain-positive bacterium capable of 
forming endospores. This strain designated as  NE201T was 
obtained from a freshwater sample collected from a pond 
at Village Nerur (Maharashtra) India and was subjected to 
polyphasic taxonomic investigation. This description forms a 
segment of a larger ecological study investigating the bacte-
rial populations in freshwater bodies across western Maha-
rashtra, India.

Materials and methods

Isolation and culture conditions

The freshwater sample was collected from a pond at Nerur, 
Maharashtra. The water sample was serially diluted and 
spread on various growth media (data not shown), and incu-
bated at 30 °C for 24–72 h to observe the growth of bacterial 
colonies. Morphologically distinct isolates were selected and 
sub-cultured on their respective media until pure colonies 
were achieved and were further subjected for their identi-
fication. The strain  NE201T was purified and cultivated on 
Nutrient Agar (M001; HiMedia, India), and preserved in 
20% glycerol prepared in PBS and stored at − 80 °C and in 
liquid nitrogen.

Phenotypic characterizations

The Gram-staining characteristics of strain  NE201T were 
ascertained using a Gram-staining kit (K001-KT; HiMedia, 
India) and light microscopy (Olympus Model BX53, USA). 
The cellular dimensions and morphology were subsequently 
analyzed using a scanning electron microscope (Carl Zeiss, 
EVO 18, Version 6.02).

The  NE201T strain was cultivated on Tryptic Soy Agar 
(M1938; HiMedia, India), Reasoner’s 2A Agar (M1743; 
HiMedia, India), Nutrient Agar (M001; HiMedia, India), 
and Luria Agar (M557; HiMedia, India) to determine the 
most conducive medium for its optimal growth. For tem-
perature optimization, cell growth was checked at various 
temperatures ranging between 4 and 50 °C (4, 10, 15, 20, 25, 
28, 30, 37, 45, and 50 °C) after 24 h using a spectrophotom-
eter at 600 nm on nutrient broth. The culture growth capac-
ity under varying pH conditions was evaluated across a pH 
range spanning from pH 4 to pH 11 units (with intervals of 
a value of 1.0). Its response to salt tolerance was evaluated 

by inoculating it into Nutrient broth containing a salinity 
gradient ranging from 0 to 15% NaCl, with increments of 
1%. The samples were then incubated at 30 °C, and after 
24 h, the growth was assessed using a spectrophotometer at 
a wavelength of 600 nm.

Spore formation was assessed using the modified Schaef-
fer-Fulton staining technique (Hussey and Zayaitz 2007), 
employing Methylene blue as the primary stain and a 
0.5% Saffron solution as the secondary stain. This staining 
technique allowed for the visualization of spores (data not 
shown). Cell motility was observed using the Hanging-drop 
method. Oxidase and catalase activity were investigated 
using oxidase discs (DD018; Himedia, India) and bubble 
production in 3% (v/v)  H2O2, respectively.

Strain  NE201T was further tested for utilization and 
assimilation of different carbon sources and enzyme activ-
ity against different substrates by Analytical profile index, 
Biomerieux (API 20NE, API ZYM, API50CH, API20E) 
and Biolog GEN III Microplate as per manufacturer’s 
instructions.

Chemotaxonomic characterization

For cellular fatty acid analysis, the cell mass of  NE201T was 
harvested from NA plates after incubation for 24 h at 30 °C. 
The fatty acids were extracted and converted into fatty acid 
methyl esters (FAME) following established standards. The 
process began with the collection and lysis of microbial cells 
to release their intracellular contents. Subsequently, the fatty 
acids were isolated using organic solvents. FAME prepara-
tion involved derivatization, transforming the fatty acids into 
methyl esters, following the MIDI/Hewlett Packard proto-
col (1995) to ensure accuracy. The prepared FAME samples 
were then analyzed using gas chromatography.

For polar lipid analysis, cell mass was harvested from cul-
tures at the logarithmic phase. Methanol/Chloroform/0.3% 
Sodium Chloride (2:1:0.8, by vol.) was used for the extrac-
tion of polar lipids (Bligh and Dyer 1959) in addition to 
the modifications of (Card 1973). Two-dimension chroma-
tography was used for separation using chloroform–metha-
nol–water (65:25:4 by vol.) in the first dimension and Chlo-
roform–Acetic acid–Methanol–Water (40:7.5:6:2, by vol.) in 
the second dimension on silica gel TLC (Kieselgel 60 F254; 
Merck) (Minnikin et al. 1984). The plates were dried and 
sprayed with 5% ethanolic phosphomolybdic acid for visu-
alization of total lipids. Further characterization was done 
by spraying the plates with ninhydrin (for amino groups), 
molybdenum blue (for phosphates), Dragendorff (for qua-
ternary nitrogen), or α-naphthol (for sugars) (Card 1973).

The diagnostic diamino acid for the peptidoglycan within 
the cell wall of cell  NE201T was determined using thin-layer 
chromatography (Schumann 2011). In brief, the process 
began with the extraction of peptidoglycan from bacterial 
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cell walls, followed by hydrolysis with hydrochloric acid to 
break it into individual amino acids. These amino acids were 
then derivatized to make them suitable for TLC analysis. 
The derivatized mixture was applied to a TLC plate, and 
as a solvent moved up the plate, it carried the amino acids, 
causing them to separate based on their polarities. Visuali-
zation was achieved through exposure to a ninhydrin and 
o-phthaldialdehyde (OPA) reagent.

Sequencing and phylogenetic analysis

The genomic DNA was isolated using the CTAB method 
(Doyle and Doyle 1987). The 16S rRNA gene was ampli-
fied using primers 27F and 1492R (Lane et  al. 1985). 
The 1.5 kb PCR amplicon was purified by the PEG-NaCl 
method (Green and Sambrook 2017) and was sequenced on 
ABI 3730XL DNA Analyzer (Applied Biosystems, USA) 
using bacterial universal primers 343R, 704F, 907F, and 
1028F (Baker et al. 2003). The sequences were assembled 
and curated manually and were in the DDBJ/EMBL/Gen-
Bank database. The phylogenetically closest relatives were 
searched on the EzBioCloud database (Yoon et al. 2017). 
Phylogenetic trees for the 16S RNA gene were constructed 
using neighbor-joining (NJ), maximum-likelihood (ML), 
and maximum-parsimony (MP) methods to infer the position 
of the  NE201T among the members of genus Fictibacillus 
using the MEGA7 (Kumar et al. 2016). The closest phy-
logenetic relative Fictibacillus enclensis NIO-1003T (Dast-
ager et al. 2014) was procured from their respective culture 
collections for comparative polyphasic characterization and 
maintained on NA at pH 7 with a temperature of 30 °C.

The genomic DNA of strain  NE201T was subjected to 
whole genome sequencing using Illumina HiSeq (150 × 2). 
The raw reads were checked for quality using FastQC 
v0.11.9 (Brown et al. 2017). The quality-filtered reads were 
assembled using Unicycler v0.5.0 (Wick et al. 2017) to 
obtain genome assembly of the strain  NE201T. The quality 
and completeness of the assembled genome were checked 
using QUAST v4.6.3 (Gurevich et al. 2013) and CheckM 
v1.2.2 (Parks et al. 2015). The digital DNA–DNA hybridiza-
tion (dDDH) values were calculated using the Genome-to-
Genome Distance Calculator (GGDC) webserver following 
the recommended formula 2. The average nucleotide identity 
(ANI) values were calculated using an orthoANI calculator 
(Auch et al. 2010; Meier-Kolthoff et al. 2014; Yoon et al. 
2017). Further, the genome was annotated PGAP (Zhao 
et al. 2012). The functional groups of strain  NE201T were 
analyzed using Clusters of Orthologous Groups (COG) in 
eggNOG-mapper v2 (Cantalapiedra et al. 2021). A compari-
son of orthologous gene clusters among the genomes under 
study was made using OrthoVenn2 (Xu et al. 2019).

To validate and confirm the taxonomic position of the 
new strain  NE201T, a phylogenetic tree based on the core 

genome was constructed using BPGA, version 1.3.0 (Chaud-
hari et al. 2016) and UBCG, version 3.0 (Na et al. 2018). 
BPGA pipeline utilized 20 orthologous protein clusters gen-
erated using USEARCH. The protein sequences were fur-
ther aligned and concatenated and the phylogenetic tree was 
reconstructed using the neighbor-joining method in MEGA 
7 (Kumar et al. 2016). A total of 20,236 amino acid posi-
tions were utilized in the final dataset. Furthermore, UBCG 
was employed to construct phylogenetic trees, incorporat-
ing 92 core genes identified through HMMER (Potter et al. 
2018). The phylogenetic tree was visualized in MEGA 7 and 
topologies were compared with the phylogeny constructed 
using BPGA.

The genome of  NE201T was examined through ant-
iSMASH version 7.0.1 with 'relaxed' strictness to screen the 
putative secondary metabolite regions in its genome (Blin 
et al. 2023).

Results and discussion

Morphological, physiological, and biochemical 
characteristics

The  NE201T strain was a motile, Gram-positive rod, capable 
of forming endospores. The colonies were 3 mm in diameter 
and displayed a cream coloration a convex elevation with 
smooth and intact margin. They appeared opaque, and they 
exhibited a butyrous consistency. When observed through 
a Scanning Electron Microscope, elongated bacterial rods 
ranging from 2.5 to 9 μM in size were detected (Fig. S1).

The cells showed growth after 24 h of incubation at the 
temperature of 15–45 °C (optimum 30 °C) over the pH range 
of 5–9 (optimum 7.0) and at concentrations of NaCl ranging 
between 0 and 14% (optimum 0%, w/v).

The strain  NE201T demonstrated contrasting results with 
its closest phylogenetic relative, F. enclensis NIO-1003T, in 
API profiles. When assessed using the API 20NE,  NE201T 
exhibited positive results for the reduction of potassium 
nitrate and assimilation of arabinose, whereas F. enclensis 
NIO-1003T did not. Conversely, during API 20E testing, 
 NE201T displayed negative results for citrate utilization and 
positive results for gelatinase activity, setting it apart from 
F. enclensis NIO-1003T. Furthermore, in API 50CH testing, 
 NE201T demonstrated positive results for the utilization of 
D-glucose, asculine, and sucrose, further distinguishing it 
from its phylogenetic relative, F. enclensis NIO-1003T.

Strain  NE201T displayed unique carbon utilization and 
chemical sensitivity patterns in BIOLOG GEN III assays, 
differing from F. enclensis NIO-1003T, as outlined in 
Table 1. It also exhibited resistance towards, Aztreonam 
antibiotic. The strain  NE201T tested negative for oxidase 
and catalase activity.
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Table 1  Differential phenotypic 
characteristics between 
Fictibacillus fluitans strain 
 NE201T (MCC 5285) and its 
closest phylogenetic neighbors 
F. enclensis NIO-1003 T (NCIM 
5458)

All data were obtained from this study
 + , positive; –, negative

Characteristics Fictibacillus fluitans Fictibacillus enclensis

Type strain NE201T NIO-1003T

Accession number MCC 5285 NCIM 5458
 Gram staining  +  + 
 Spore formation  +  + 
 Motility  +  + 
 Salinity range for growth (%) 0–5.0% 5.0–12.0
 pH range for Growth 5.0–10.5 0–12%
 Maximum growth temperature (°C) 45 °C 42 °C

API20NE
 Reduction of potassium nitrate  + –
 Arabinose assimilation  + –

API20NE
 Citrate utilization –  + 
 Gelatinase  + –

API50CH
 D- Glucose  + –
 Asculin  + –
 Sucrose (SAC)  + –

BIOLOG
 Gentiobiose –  + 
 α-d-Lactose  + –
 d-Mellibiose –  + 
 β-methyl-d-glucoside –  + 
 N-acetyl-neuraminic acid  + –
 d-Galactose  + –
 3-Methyl Glucose  + –
 d-Fucose –  + 
 l-Fucose –  + 
 d-Sorbitol  + –
 d-Mannitol  +  + 
 d-Arabitol – –
 myo-Inositol –  + 
 Glycerol  +  + 
 d-Glucose-6-PO4 –  + 
 Gelatin  + –
 Glycyl-l-Proline –  + 
 l-Arginine –  + 
 Methyl pyruvate  + –
 l-Lactic Acid  + –
 d-Malic Acid –  + 
 α-Hydroxy-Butyric Acid  + –
 β-Hydroxy-d, l-Butyric Acid  + –

Chemical sensitivity
 d-Serine –  + 
 Rifamycin SV –  + 
 Guanidine HCl  + –
 Tetrazolium blue  + –

Antibiotic resistance
 Troleandomycin – _
 Vancomycin _ _
 Aztreonam  +  + 
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Chemotaxonomic  characterization

The major Fatty Acids present in the strain were anteiso 
-C15:0 (51.42%), iso-C15:0 (18.88%), anteiso -C17:0 (9.31%), 
 C16:00 (6.3%) (Table  S1). For Peptidoglycan detection, 
 NE201T showed the presence of DL- Lysine dihydrochlo-
ride and 2,6 dipicolinic acid. The major polar lipids present 
in strain  NE201T comprised phosphatidylglycerol (PG), 
phosphatidylethanolamine (PE), and diphosphatidylglyc-
erol (DPG), along with traces of unidentified phospholipid 
lipid (APL) (Figure S2). No glycolipids were found in strain 
 NE201T which was consistent with the lipid profiles of genus 
Fictibacillus.

The genomic assessment of  NE201T using antiSMASH 
unveiled a spectrum of secondary metabolite regions, 
underscoring its robust biosynthetic capacity. Particularly 
noteworthy is a region featuring a non-ribosomal peptide 
synthetase (NRPS) cluster, exhibiting a 9% similarity to 
pacidamycin biosynthetic clusters. NRPS clusters are recog-
nized for their adaptability in peptide synthesis with varied 
structures and functions, encompassing antibiotics, immuno-
suppressants, and siderophores. Another genomic segment 
showcased attributes of a lassopeptide cluster, recognized for 
antimicrobial properties, displaying an 80% similarity to the 
established paeninodin cluster. Furthermore, a region hinted 
at the existence of an NI-siderophore cluster, contributing 
to iron acquisition, with a 60% similarity to the schizokinen 
cluster. Additional identifications encompassed lanthipep-
tide (LAP) clusters, renowned for antimicrobial features, 
highlighting distinctive biosynthetic potentials within the 
 NE201T genome. Moreover, a genomic segment unveiled 
Type 3 Polyketide Synthase (T3PKS) clusters, simple 
homodimers of ketosynthases catalyzing the condensation 
of extender substrates onto a starter substrate. These revela-
tions shed light on  NE201T’s genomic prowess in produc-
ing varied bioactive compounds, holding implications for 
ecological and biotechnological applications, and prompting 
further exploration.

Phylogenetic and genotypic analysis

The 16S rRNA gene of strain  NE201T (1485 bp) exhibited 
the highest sequence similarity with Fictibacillus enclen-
sis NIO-1003T (JF893461) at 99.01% followed by F. rigui 
 WPCB074T (EU939689) at 98.9% and F. solisalsi CGMCC 
1.6854T (EU046268) at 98.66%. The phylogenetic analysis 
of the 16S rRNA gene through the neighbor-joining (NJ), 
maximum-likelihood (ML), and maximum parsimony (MP) 
methods in MEGA7 for strain  NE201T revealed the forma-
tion of a clearly defined monophyletic clade with F. enclen-
sis NIO-1003T (JF893461) (Fig. 1).

The genome sequence of strain  NE201T using Illumina 
HiSeq generated 11,831,461 reads. The de novo assembly 

resulted in 51 scaffolds with depth coverage of 335X and 
98.92% completeness. The DNA G + C contents were 
44.5 mol% (Table 2). The digital DNA–DNA hybridization 
(dDDH) and orthoANI values for strain  NE201T against 
F. enclensis NIO-1003T (GCA_900094955.1) were 33.7% 
and 87.68% respectively. The phylogenetic analysis involv-
ing over 20,236 amino acid positions in BPGA and 92 core 
genes in UBCG strongly supported the phylogeny estab-
lished by the 16S rRNA gene sequence analysis. (Fig. 2). 

A total of 4909 protein-coding genes were predicted 
including 68 tRNA and 7 rRNAs. A total of 3949 genes had 
specific functional distributions according to the COG cat-
egories. The functional genes were assigned to 18 functional 
categories. The genes responsible for amino acid transport 
and metabolism (355 genes), transcription (346 genes), and 
carbohydrate transport and metabolism (320 genes) were the 
most abundant followed by genes responsible for inorganic 
ion transport and metabolism (228 genes) and energy pro-
duction and conversion (223 genes). The OrthoVenn analysis 
demonstrated that 34 gene clusters were unique to  NE201T 
while 2440 gene clusters were shared by closely related type 
strains.

Description of Fictibacillus fluitans sp. nov.

Fictibacillus fluitans (flu’i.tans. L. part. adj. fluitans, float-
ing), refers to the type of pond ecosystem from where the 
type strain was isolated).

Gram-staining positive, rod shaped, 2.5–9 μM in length; 
endospore forming, motile; catalase and oxidase negative, 
colonies cream in color, with convex elevation and a smooth, 
intact margin, opaque appearance and a butyrous consist-
ency; grow at a temperature range of 15–45 °C (optimum 
30 °C) at pH 5.0–10.5 with optimum pH of 7.0 and a salinity 
range of 0–5.0% (w/v) with optimum salinity at 0%, w/v; 
positive results for the reduction of potassium nitrate and 
assimilation of arabinose, gelatinase activity, utilization of 
d-Glucose, asculine, and sucrose and negative for citrate uti-
lization; positive for utilization of assimilate α-d-Lactose, 
N-Acetyl-Neuraminic Acid, d-Galactose, 3-Methyl Glucose, 
d-Sorbito, d-Mannitol, Glycerol, Gelatin, Methyl Pyruvate, 
l-Lactic Acid, α-Hydroxy-Butyric Acid, β-Hydroxy-d,l-
Butyric Acid Negative for assimilation of assimilation of 
d-Mellibiose, β-methyl-d-Glucoside, d-Fucrose, l-Fucrose, 
d-Arabitol, myo-Inositol, d-Glucose-6-PO4, Glycyl-l-Pro-
line, l-Arginine, d-Malic Acid; chemical sensitivity for 
d-Serine, Rifamycin SV and, resistance towards antibiotic 
Aztreonam; contains major polar lipids as phosphatidylg-
lycerol (PG), diphosphatidylglycerol (DPG), phosphatidy-
lethanolamine (PE) and cellular fatty acids anteiso -C15:0 
(51.42%), iso-C15:0 (18.88%), anteiso -C17:0 (9.31%),  C16:00 
(6.3%). The genomic DNA G + C contents are 44.5 mol %.
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The type strain  NE201T (= MCC 5285 = JCM 36474) was 
isolated from a freshwater pond located at Nerur, Maharash-
tra, India.
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Fig. 1  Phylogenetic Analysis of Fictibacillus fluitans strain  NE201T 
(MCC 5285) within the Genus Fictibacillus Based on 16S rRNA 
Gene Sequences. A phylogenetic tree was constructed using 16S 
rRNA gene sequences to elucidate the relationship between strain 
 NE201T (MCC 5285) and closely related members of the genus 
Fictibacillus. The tree was generated through neighbor-joining (NJ), 
maximum-likelihood (ML), and maximum parsimony (MP) methods, 
employing MEGA 7. Bootstrap analysis was performed with 1000 

replicates to assess the tree topologies, and the figures displayed at 
the nodes represent the percentage of replicates supporting the NJ, 
ML, and MP methods. The final dataset consisted of 1379 posi-
tions, with the 16S rRNA gene sequence of Neobacillus terrae  C11T 
(MN620419) serving as the outgroup. The bar on the tree indicates 
the number of nucleotide substitutions per site. Non-validly published 
names are indicated in double inverted commas (“—”)

Table 2  Genome statistics of 
the strain Fictibacillus fluitans 
strain  NE201T (MCC 5285) 
and its closest phylogenetic 
neighbors

Species Fictibacillus fluitans Fictibacillus enclensis

Strain NE201T NIO-1003 T

Accession No. (CC) MCC 5285 NCIM 5458
Accession No. (16S rRNA) OR234369 JF893461
% Similarity (16S rRNA) – 99.01
Accession No. (Genome) NZ_JAUHTR000000000 GCA_900094955.1
No. of Contigs 51 10
Genome Size (Mb) 4.9 4.5
G + C (%) 44.50% 44%
dDDH (%) – 33.7
ANI (%) – 87.68
CDS 4909 4514
rRNA 7 11
tRNA 68 58

https://doi.org/10.1007/s00203-023-03794-4
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